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Abstract  
 
Nanomaterials (NMs) have been shown to exhibit unique physical and chemical 
properties that are highly size and shape-dependent. The ability to control synthesis 
of nanoparticles (NPs) with particular shapes and sizes can lead to exciting new 
applications or enhancements of current systems in the fields of optics, electronics, 
catalytics, biomedicine and biotechnology. Due to increased chemical pollution as 
well as health concerns, biological synthesis of NMs has quickly emerged as 
potentially being an eco-friendly, scalable, and clean alternative to chemical and 
physical synthesis. In this study, the inference that the heavy metal-resistant 
bacteria, Paenibacillus castaneae, has the propensity to synthesize metal NPs was 
validated. 
 
NP formation was achieved after the exposure of bacterial cell biomass or cell-free 
extracts (CFE) to excess metal ion precursors in solution. These include lead nitrate 
and calcium sulphate dehydrate, gold (III) chloride trihydrate and silver nitrate, 
respectively. All reactions were incubated at 37 °C for 72 h at 200 rpm and observed 
for a colour change. UV–visible (UV-Vis) spectral scans (200 nm – 900 nm) were 
measured on a Jasco V-630 UV-Vis spectrophotometer. For scanning electron 
microscopy (SEM), samples were fixed, dehydrated and loaded onto carbon-coated 
aluminium stubs. The stubs were then sputter-coated with either Au/Pd or Cr and 
analysed on the FEI Nova Nanolab 600 FEG-SEM/FIB. Size distribution analysis 
was done using transmission electron microscopy (TEM) using the FEI Tecnai T12 
TEM and Image J software. Powder X-ray diffraction measurements were carried 
out on a Rigaku Miniflex-II X-ray diffractrometer. 
 
Colour changes indicative of the synthesis of PbS, Au and Ag NPs were observed 
as a white precipitate (PbS), purple (Au) and yellow-brown (Ag) colour, 
respectively. This was confirmed by absorbance peaks at 325 nm and 550 nm (PbS), 
595 nm (Au) and 440 nm (Ag) from UV-Vis analyses. Exposure of P. castaneae 
biomass and CFE to PbS ions in solution resulted in the production of nanospheres, 
irregularly-shaped NPs, nanorods, nanowires as well as large nanoflowers. 
 iv 
Exposure of P. castaneae biomass to Au3+ ions in solution produced Au 
nanospheres, nanotriangles, nanohexagons, nanopentagons and nanopolyhedrons. 
Ag/AgCl NP production occurred using both the P. castaneae biomass and CFE, 
and resulted in the synthesis of nanospheres only. 
 
This is the first report of the biosynthesis of such a diverse set of anisotropic NPs 
by P. castaneae. It is also the first instance in which anisotropic PbS nanorods and 
nanowires, 3-D Au nanoprisms as well as “rough” Ag/AgCl nanospheres were 
bacterially produced. This study serves as an eco-friendly approach for the 
synthesis of NPs that is a simple yet amenable method for the large-scale 
commercial production of nanoparticles with technical relevance. This in turn 
expands the limited knowledge surrounding the biological synthesis of heavy metal 
NMs. 
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CHAPTER 1: INTRODUCTION 
 
1.1 Background 
Nanotechnology is defined as the design, synthesis and characterization of 
materials, devices and systems at the nanoscale (<100 nm). It is also considered the 
control of phenomena associated with atomic and molecular interactions (Albanese, 
Tang and Chan, 2012). In the past few decades, nanotechnology has attracted much 
research interest due to its ability to not only bridge the gap between elemental 
atoms and bulk materials but also to be the interface between many schools of 
science. These include chemistry, physics, material science, engineering, medicine 
and biology (Schröfel et al., 2014). Knowledge generation in this new scientific 
field is on the increase worldwide. This has resulted in major scientific advances 
and a substantial shift in the manner in which devices, systems and materials are 
created and understood. 
 
Effectively, all systems and materials have the potential to obtain the unique 
properties offered by development at the nanoscale (Stark et al., 2015). This renders 
them suitable for innumerable novel applications (Harikrishnan et al., 2014). 
Expected breakthroughs in the future include an order magnitude increase in: green 
energy production, computer efficiency, human organ and tissue restoration and the 
creation of designer materials from the direct assembly of atoms or molecules 
(Roco and Bainbridge, 2005). There are currently widespread commercial and 
industrial applications for nanomaterials (NMs). These include energy production, 
packaging, bioengineering, agriculture, food and beverages, medicine, cosmetics, 
surface coating and polymers, pharmaceuticals, nutraceuticals, paints and inks, 
optoelectronics and computing (Ingale and Chaudhari, 2013) 
 
The limitless potential of nanotechnology and its impact is not only centred around 
industrial outputs but also in solving societal problems in developing countries. 
This includes availability of potable water, cheaper energy and primary health-care; 
problems that have been recognized throughout the developing world (Kharissova 
et al., 2013). As with any new scientific development, the potential risks of 
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nanotechnology must also be considered. The possible adverse effects on human 
health and safety, environmental concerns as well as the potential displacement of 
current industries to accommodate nanotechnology, in both the private and public 
sectors, must be considered in the entire NM development process (Vance et al., 
2015). The focus of much research has therefore tended towards the “greener” 
nanotechnologies. These include environmentally friendly chemical processes that 
incorporate the twelve principles of green chemistry (detailed explanation in 
Chapter 2, Page 29). These principles are implemented to achieve technologies and 
products that are considerably less energetically expensive, more environmentally 
sound, safe and also cost effective (Anastas and Warner, 1998). The commercial 
applications of nanotechnology are however still in the early stage of technical 
development, especially in the synthesis and development of novel NMs.  
 
Nanocrystalline materials and nanoparticles (NPs) are defined as any object that 
behaves as a whole unit with respect to its transport and properties, and is 
characterized by a structural length or grain size of up to 100 nm (Harikrishnan et 
al., 2014). NPs have distinctly different properties as compared to bulk materials. 
This includes vast alterations in optical, mechanical, electrical, thermal, dielectric, 
electronic, physical, chemical and biological characteristics (Bhadwal et al., 2014).  
The sum total of atoms or molecules on the NP surface is comparable to those 
within the NP. Therefore, the properties of NPs are highly dependent on their 
structure and composition as well as size, shape, morphological sub-structure, 
phase and surface chemistry (Albanese, Tang and Chan, 2012). The methods of NP 
fabrication are highly significant in the inherent nature and characteristics of the 
produced NPs. For this reason, the fundamentals of NP synthesis have recently 
received much attention (Iravani et al., 2014). 
 
The production of NPs is based on two fundamental approaches: the “top-down” 
approach and the “bottom-up” approach (Wang and Xia, 2004). “Top-down” 
fabrication is based on the removal of particular areas of the bulk material via 
chemical, mechanical or electrical processes and is highly dependent on the 
intrinsic nature of the initial bulk material substrate (Singh, Manikandan and 
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Kumaraguru, 2011). The “bottom-up” approach is characterized by the fabrication 
of NMs from atoms and molecules (basic building blocks), using chemical, 
electrical or thermal energy (Narayanan and Sakthivel, 2010). 
 
Conventionally, the synthesis of NMs is achieved via either physical, chemical or 
biological methods, as summarized in Figure 1.1. Physical methods employ the use 
of high energy radiations, thermal energy, mechanical pressure and electrical 
energy to allow for the abrasion, melting, evaporation, or condensation of bulk 
materials to produce NPs. Even though the use of these “top-down” strategies can 
produce monodisperse NPs that are free from solvent contamination, the substantial 
waste production as well as high energy demand makes physical methods less 
economical (Dhand et al., 2015).  
 
Figure 1.1 Overview of the methods and strategies for the synthesis of 
nanoparticles and their applications (adapted from Dhand et al., 2015). 
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Chemical methods are based on the reduction of ions or the decomposition of 
precursors in an energetically taxing reaction to form atoms. This is then followed 
by the aggregation of atoms to form NPs (Singh, Manikandan and Kumaraguru, 
2011). These “bottom-up” methods commonly rely on the addition of reducing 
agents, as well as stabilizers and capping agents to ensure there is no agglutination 
and aggregation of NPs (Pileni, 1998). External energy sources are also used to 
ensure efficiency; these include ultraviolet light, thermal energy, microwaves, 
electric energy as well as γ-radiation (Tavakoli, Sohrabi and Kargari, 2007). Even 
though NPs fabricated using these methods often have a narrow size and shape 
distribution, which are highly desirable traits, the synthesis thereof often includes 
the use of toxic chemicals, high amounts of energy and highly deleterious organic 
solvents (Iravani et al., 2014).  
 
Chemical processes are frequently environmentally unfriendly and even contribute 
to secondary environmental problems. The most prominent examples of such 
include the persistence of dichlorodiphenyltrichloroethane (DDT), polychlorinated 
biphenyls (PCBs) and tetrachlorodibenzo-p-dioxin (TCDD)-like compounds in 
water bodies, chlorofluorohydrocarbons (CFCs) and greenhouse gases in the 
atmosphere, or plastic in the ocean (Travis and Hester, 1991). For this reason, much 
research is now being centred around green chemistry and its application in 
nanoscience (Stark et al., 2015). Green chemistry is defined as the design, 
development and implementation of chemical processes to reduce or eliminate the 
usage and production of materials which are hazardous to human health and the 
environment (Mondal et al., 2014). The twelve principles of green chemistry allow 
for a simplistic approach into the development of safer, cleaner and cheaper NPs 
(Raveendran, Fu and Wallen, 2003) 
 
The biological synthesis (biosynthesis) of NPs provides methods that have the 
advantage of being environmentally benign, cost effective, having low toxicity and 
providing an efficient one-step protocol for the fabrication of NPs (Thakkar, Mhatre 
and Parikh, 2010). These methods can be broadly grouped into three main 
categories: microorganism, biotemplate and plant extract biosynthesis (Kharissova 
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et al., 2013).  Biological systems have long been known to produce elaborate 
inorganic structures and materials which often occur in the nanoscale. As a result, 
many prokaryotic and eukaryotic organisms have been used for the production of 
NPs (Schröfel et al., 2014). Bacteria, algae, fungi, viruses, plants and actinomycetes 
as well as their proteins and metabolites have been employed in the reduction of 
inorganic metal ion precursors to form metal or metal oxide NPs (Duan, Wang and 
Li, 2015).  
 
Biosynthesis offers three major areas in which the principles of green chemistry can 
be applied and can therefore lead to profound improvements. These include: (i) the 
choice of solvent (ii) the reducing agent and (iii) the capping or stabilizing agent 
(Nadagouda and Varma, 2006). Conventional chemical solvents can be replaced by 
water while biomolecules are involved in the reduction, capping and stabilization 
of nanoparticles (Makarov et al., 2014). Biological molecules like proteins or 
peptides are multifunctional and complex in nature enabling them to function as 
both reducing and capping agents simultaneously, for a myriad of NP types 
(Kharissova et al., 2013). The use of many biological entities has been explored for 
the synthesis of diverse NMs. Of these, bacterial systems are preferred for the 
biosynthesis of metallic NPs (Park, Lee and Lee, 2016). Bacteria offer extracellular 
production of NPs, short generation times, the ability to survive harsh environments 
together with ease of culturing, downstream processing and genetic manipulation 
(Thakkar, Mhatre and Parikh 2010). These serve as the main advantages of bacterial 
synthesis methods. 
 
The biosynthesis of NPs by bacteria can be viewed in two respects; as either an 
inherited or an acquired trait. The biosynthesis of NPs has been shown to be a 
unique biochemical feature of all members of a bacterial genus but does not 
necessarily include all closely-related members of that bacterial family. A case in 
point was reported where all known Morganella spp. could synthesize Ag NPs yet 
closely related genera of Enterobacteriaceae family could not (Parikh et al., 2011). 
This evidence suggests the biosynthesis of NPs is a phenotypic characteristic and 
therefore independent of environmental conditions. In contrast, the ability of 
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bacteria to survive in extreme environments such as those isolated from acid mine 
drainage (Mourato et al., 2011), soil from mining sites (Elcey, Kuruvilla, and 
Thomas, 2014), mine tailings (Nangia et al., 2009) or even hot springs (Juibari et 
al., 2015), has also been linked to the propensity of these organisms to synthesize 
NPs and therefore shows that the environmental conditions can, in certain cases, be 
very important in determining the genotypic trait. Thus, NP biosynthesis by bacteria 
can also be due to an acquired genetic predisposition and not a phenotypic 
characteristic.  
 
A strong correlation between toxic metal ion resistance and the ability of these 
bacteria to produce metallic NPs has recently been identified (Ramanathan et al., 
2013). Most of the transition metal ions (Pb2+, Ag2+, Hg2+, Au3+, Cu2+ etc.) are 
considered toxic to bacteria (Harrison, Ceri, and Turner, 2007). However, the 
ability of some bacteria to reduce toxic metals into their corresponding non-toxic 
forms, using a variety of different pathways, has been extensively reported (Flynn 
et al., 2014; Lloyd, 2003; Nangia et al., 2009; Narayanan and Sakthivel, 2010; Park 
et al., 2010).  
 
Transition and noble metals are most commonly used in industry for their catalytic 
and semiconductor properties (Suib, 2013). Additional properties such as the 
Surface Enhanced Raman Scattering (SERS) of gold (Au) NPs (Israelsen, Hanson 
and Vargis, 2015), the antimicrobial activity of silver (Ag) NPs (Suresh et al., 2010) 
and the photovoltaic properties of lead sulphide (PbS) NPs (Jang et al., 2010), are 
all considerably increased when these materials are found in the nanoscale. The 
detoxification of transition and noble metals by heavy-metal ion resistant bacteria 
has inspired the development of facile protocols for the bacterial biosynthesis of 
NPs (Schröfel et al., 2014).  It is therefore imperative that bacteria which are known 
to be metal ion resistant be challenged with different metal ions so as to assess its 
ability to produce NPs. This must be done in order to provide the basis for a simple 
green approach to NP biosynthesis. 
 
Chapter 1  Introduction 
 7 
1.2 Problem Statement 
The development and growing demand for high definition displays, faster 
computing, and more effective antimicrobials has increased the requirement for 
materials with enhanced or novel properties (El-Nour et al., 2010; Hussain and 
Khan, 2013; Ingale and Chaudhari, 2013). Au NPs, Ag NPs and nanophosphors like 
PbS NPs are examples of such and boast unparalleled optical, electric and thermal 
properties (Kharissova et al., 2013). However, the production of these metal NPs at 
industrial scale relies on the chemical routes of synthesis, often resulting in the 
production of toxic effluents (Mohanpuria, Rana, and Yadav, 2008). Subsequently, 
the effluents may either be disposed of inefficiently or leak into the surrounding 
soil and water (Fletcher, 2002; Riba et al., 2002) resulting in several knock-on 
effects on human health, the economy and environment (Grimalt, Ferrer and 
Macpherson, 1999). Organic solvents that are often used in chemical synthesis of 
NPs as well as other industrial applications, such as dimethyl sulfoxide (DMSO), 
dimethylformamide (DMF) and cetyltrimethylammonium bromide (CTAB), are 
another major route of environmental contamination (Mulholland and Dyer, 1998).  
 
The considerable increase in chemical pollution and occurrence of environmental 
contamination as well as the importance placed on clean and energy efficient 
technology has led to a drive towards using green technologies (Sheldon, 2016). 
Therefore, for large-scale industrial production of NMs, it is necessary to identify 
suitable facile processes which are cost effective, safe and environmentally benign. 
Bacterial biosynthesis is thus the most suitable candidate. Paenibacillus castaneae 
is a rod-shaped, gram variable and motile bacteria that was first isolated from the 
phylosphere of the sweet chestnut tree in Spain (Valverde et al., 2008). It has also 
been isolated from a heavy metal contaminated environment water line in Illinois, 
USA (White, Tancos and Lytle, 2011). An isolate of this bacterial species was 
cultured from acid mine decant sourced from mine tailings in the West Rand of 
Gauteng (26°06'26.8"S 27°43'20.2"E) and found to be highly resistant to heavy 
metals like Pb (Gauteng Department of Agriculture and Rural Development, 2016).  
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It was therefore inferred that P. castaneae has the propensity to synthesize metal 
NPs such as PbS, Au and Ag NPs after exposure to excess metal ion precursors in 
solution. The confirmation of NP biosynthesis would then be followed by the 
physicochemical and morphological characterization of NPs. This study sought to 
validate this suggestion.  
 
1.3 Aim and Objectives 
 1.3.1 Aim 
To synthesize and characterize metallic nanoparticles that are biologically produced 
by a heavy metal-resistant isolate of P. castaneae. 
 
 1.3.2 Objectives 
To fulfil the aim of the study, the specific objectives were identified as follows: 
  
Ø To synthesize PbS, Au and Ag nanoparticles through the exposure of  
P. castaneae to metal ion precursors in solution. 
 
Ø To confirm the biosynthesis of metallic nanoparticles using Ultraviolet-
visual (UV-Vis) spectroscopy, differential interference contrast (DIC) 
microscopy and fluorescence microscopy (FM). 
 
Ø To characterize the morphology of metallic nanoparticles using scanning 
electron microscopy (SEM), transmission electron microscopy (TEM) and 
powder X-ray diffraction (PXRD). 
 
1.4 Chapter Outline 
This dissertation follows the structure outlined below. 
 
Chapter 1 gives a brief introduction to the research area and outlines the problem 
statement. The main aims and specific objectives of this research, which are 
required in order to satisfy and successfully address the problem statement, are also 
discussed. This chapter also presents the outline of the dissertation. 
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Chapter 2 presents an in-depth review of the literature associated with NP 
synthesis, in particular, the synthesis of metallic NPs, mechanisms of NP formation 
and growth, and the microbial synthesis of NPs encompassing green chemistry. 
Chapter 3 provides the details of all materials and methods utilized in order to 
accurately and reproducibly conduct the experimental procedure required to 
address the main aim and specific objectives. 
 
Chapter 4 demonstrates and discusses the obtained results from the experimental 
research conducted. This chapter displays and discusses the results received for 
visual, physicochemical and morphological characterization of metallic NPs. 
 
Chapter 5 puts forward the general conclusion, based on the highlighted 
objectives, and future recommendations from the present study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 2  Literature Review 
 
 10 
CHAPTER 2: LITERATURE REVIEW 
 
2.1 Nanotechnology in South Africa  
Nanotechnology is no longer considered as just an emerging field of science; it is 
currently regarded as the fourth wave of the industrial revolution (Dai, 2006). Many 
of the major economic world powers, including Germany, the UK and the USA, are 
currently producing and supplying NMs and related products to consumers  
(Figure 2.1) (Youtie, Shapira, and Porter, 2008). The global market for 
nanotechnology is estimated to grow to as much as $3 trillion by 2020 (Khan, 
2012). As the leader in science and technology on the African continent, South 
Africa has invested over R200 million into different aspects of nanotechnology. 
These include, but are not limited to, research and development in the health, water 
and sanitation as well as energy sectors (Mufamadi, 2015). However, the 
development of nanotechnology in South Africa is hindered by many obstacles. 
These include the public’s negative perception of the technology, vague national 
regulations and standards as well as health and safety concerns (Musee et al., 2010). 
 
 
 
Figure 2.1. Share of countries which are active in the production of 
nanomaterials. Image retrieved from http://product.statnano.com/ 
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Currently, South Africa has very few companies listed to produce nano-products 
and only a handful of initiatives and networks involved in nanotechnology research 
and development. For nanotechnology to improve the socio-economic status of 
South Africa, it is necessary to focus on the manufacturing of nano-products at a 
low cost, using inexpensive local materials, with a decreased risk to human health 
and the environment (Mufamadi, 2016). This should follow the establishment of 
successful and sustainable commercialization strategies from multi-stakeholder 
partnerships between the public and private sectors. For the country to meet some 
of its greatest demands, such as ending poverty and hunger, access to potable water 
and affordable sustainable energy, it must increase its long-term investment into 
infrastructure for research and development. The creation of employment 
opportunities, as well as the closing of gaps in skill shortages in emerging 
technologies are also paramount (Mufamadi, 2015). 
 
The initiatives currently put into place have resulted in the establishment of 
characterization centres, the creation of research and innovation networks, the 
building of human capacity as well as the implementation of flagship projects. This 
is in parallel with the National Strategy on Nanotechnology (NSN) which was 
published by the South African Department of Science and Technology in 2005. 
South Africa is now in a position to start using local resources to develop 
nanotechnology into a sustainable sector of industry. In order to proceed forward, 
it is necessary to identify the specific gaps that need to be filled by NM research 
and development that are based not only on national but also international needs 
(Gardner, 2015).  These gaps include the eco-friendly, efficient and cost-effective 
synthesis of novel NMs with unique characteristics. Furthermore, the understanding 
of the mechanisms involved in their formation and growth must also be identified. 
 
2.2 Metal-based Nanomaterials 
Nanomaterials can be broadly grouped into carbon-based NMs (CBNs) and metal-
based NMs (MBNs) (Glezer, 2011). CBNs are industrially important materials due 
to the unique combination of physicochemical properties they offer. These include 
the use of carbon nanotubes and fullerenes for application in high-strength materials 
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as well as energy production and electronics (Baughman et al., 2002). MBNs have 
captivated scientists for over a century and are now frequently utilized in 
biomedical science, materials science and engineering. MBNs are produced in a 
myriad of shapes and sizes and possess many novel physical, chemical, magnetic, 
thermal, biological, optical and electrical properties (Pantidos and Horsfall, 2014). 
Of all MBNs, the noble and transition metal NMs have attracted the most scientific 
interest due to their direct application in virtually all sectors of industry. These 
include the agriculture, electronics, medicine, construction, cosmetics, food and 
textile industries (Mody et al., 2010).  
 
2.2.1 Noble Metal Nanoparticles 
Nobel metals are any number of metallic chemical elements that have excellent 
resistance to oxidation and corrosion in moist air. These include rhenium, 
ruthenium, rhodium, palladium, silver, osmium, iridium, platinum, and gold (Siegel 
et al., 2016). Noble metal NPs have been extensively researched by the scientific 
community owing to their unique optical, electromagnetic, catalytic and 
bactericidal properties (Siegel et al., 2016). These characteristics are not often 
shared by bulk materials and are thus strongly influenced by their shape and size 
(Sreeprasad and Pradeep, 2013). Au- and Ag-based NMs are particularly interesting 
due to their vast application in catalysis, chemical sensors, drug delivery and 
antimicrobial agents (Mourato et al., 2011). 
 
Gold Nanoparticles 
The existence of colloidal Au or Au NPs has been known for centuries and have a 
rich history in science. Combinations of Au salts and molten glass were used by 
artisans in the Middle Ages to produce gold colloids with a rich ruby colour. These 
were exploited for their aesthetic properties; in the colouration of glass, ceramics 
and pottery, as well as for their medicinal and cultural practices (Hutchings, Brust 
and Schmidbaur, 2008). Michael Faraday was the first to recognize that the colour 
of colloidal Au was due directly to the minuscule size of the gold particles (Faraday, 
1857). He was the first to note the light scattering properties of colloidal gold, now 
referred to as the Faraday-Tyndall effect (Hirsch, Narurkar, and Carruthers, 2006). 
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Synthesis of Gold Nanoparticles 
The two fundamental components in the synthesis of Au NPs are the choice of 
reducing agent and the stabilizing ligand. In terms of the wet chemistry methods, 
Au NPs have been produced within aqueous medium through the reduction of Au 
metal salts with an appropriate reducing agent in the presence of a suitable 
stabilizing agent (Zhao, Li and Astruc, 2013). To avoid agglomeration, which 
occurs through Van der Waals forces, the stabilization of Au NPs is achieved 
through either electrostatic or steric mechanisms. The most common method for Au 
NP in situ synthesis is the reduction of an Au3+ salt by sodium citrate under aqueous 
conditions (Schulz et al., 2014). The optimization of this method, pioneered by 
Turkevich, Stevenson and Hillier (1951), can lead to the synthesis of Au NPs with 
various distinct morphologies and sizes (Ding et al., 2015). 
 
Of all metal NPs that have been biologically synthesized, Au NPs have received the 
most attention. Protein-capped Au NPs have been successfully synthesized using 
the fungal culture filtrate of Fusarium sp. MMT1 (Guria, Majumdar and 
Bhattacharyya, 2016). Ateeq et al. (2015) reported the biosynthesis of patuletin-
coated Au NPs using a natural flavonoid extracted from flowers of Tagetes patula 
plant as the reductant and capping agent. Crocin (crocetin di-gentiobiose ester), a 
water-soluble sugar surfactant, was used in the biosynthesis of sugar-capped Au 
nano-disks (Khan, Al-Thabaiti and Bashir 2016).  
 
Properties and Applications of Gold Nanoparticles 
Au NPs are multifaceted materials used for a wide range of applications with well 
characterized optoelectronic, chemical and physical properties. Additionally, their 
surface chemistry can be easily modified (Brown et al., 2010). As well as size- and 
shape-dependent properties, Au NPs also have a large surface-area-to-volume ratio, 
low toxicity, excellent biocompatibility and can be easily paired with many surface 
ligands (Yeh, Creran and Rotello 2012). Significant physical characteristics include 
Local Surface Plasmon Resonance (LSPR), enhanced electronic efficiency, SERS 
activity and the ability to quench fluorescence. Au NPs also display a range of 
colours as a function of the size of their core (Jain et al., 2006). The properties of 
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Au NPs are highly influenced not only by size and shape but by temperature, solvent 
and solvent pH, core charge, surface ligands and can even be highly responsive to 
the proximity of the NPs to each other (Das et al., 2011).  
 
The applications of Au NPs are extensive. These include electronics, photodynamic 
therapy, pharmaceuticals and drug delivery, sensors, probes, diagnostics and 
catalysis (Hutchings, Brust and Schmidbaur, 2008).  An increase in the aggregation 
of small (d > 5 nm) Au NPs prompts interparticle surface plasmon coupling, 
resulting in a visible colour change from red to blue in nM concentrations 
(Srivastava, Frankam and Rotello, 2005). This effect provides a practical platform 
in which a change in aggregation (or redispersion of an aggregate) can be used for 
the absorption-based colorimetric sensing of any target analyte. This includes the 
use of Au NPs for the detection of metal and heavy-metal ions (Lin et al., 2002), 
anionic species (Martinez-Manez and Sancenón, 2003), proteins (Schofield et al., 
2006) and small organic molecules (Aslan, Lakowicz, and Geddes, 2004). Au NPs 
can also be used in diagnostics for the detection of specific biomarkers. A typical 
example is the use of Au NP-based lateral flow immunoassays for home pregnancy 
tests (Idegami et al., 2008). The method can also be used to detect pathogens 
(Shukla et al., 2014), toxins (Shyu et al., 2002) and even water pollutants (Kuang 
et al., 2013).  
 
A strong optical absorption and nonradiative energy dissipation of the particles 
allows for the application of Au NPs in photothermal therapy. Near-infrared (NIR) 
radiation, when applied to Au NPs, results in the excitation of free electrons in the 
plasmon band. This creates a pulsing of superheated electrons (Link and El-sayed, 
2000). The immense heat generated by this process can therefore be used in cancer 
therapy to damage and destroy cancer cells and tissues in a more targeted and 
efficient manner than traditional photothermic therapies. For the in vivo therapy of 
deep tissues tumours, NIR light is required for its penetration but minimal 
absorption by haemoglobin and water molecules. Hirsch et al. (2003) first 
demonstrated the irreversible photothermal damage of breast carcinoma cells 
incubated with PEGylated gold nanoshells after their exposure to NIR light. 
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Silver and Silver Chloride Nanoparticles 
The synthesis of citrate-stabilized colloidal Ag was first reported by Lea (1889) and 
has since been manufactured commercially for use in medicinal applications. The 
antiseptic properties of Ag however, have been known for over 2000 years. It is 
estimated that over 320 tons/year of Ag NPs are produced and used worldwide 
(Nowack, Krug and Height, 2011). Scientific advancement has led to the synthesis 
of various inorganic nanoparticles such as metals, metal oxides, metal sulphides 
and metal chlorides (Gopinath et al., 2013). Among metal chlorides and more 
specifically metal chloride NPs, silver chloride is perhaps the most widely 
recognized and extensively used (Husein, Rodil and Vera, 2005). The unique 
properties of both Ag and AgCl NPs have led to their incorporation into a variety 
of applications. These include cosmetic products, composite fibres, antimicrobial 
applications, electronic components and cryogenic superconducting materials (Wei 
et al., 2015).   
 
Synthesis of Silver and Silver Chloride Nanoparticles 
The most common method for the synthesis of Ag NPs is through the reduction of 
Ag ions by organic and/or inorganic reducing agents. Generally, sodium citrate, 
ascorbate sodium borohydride and N-dimethylformamide are used for the reduction 
of Ag ions to the zerovalent metallic Ag atoms (Wiley et al., 2005). Agglomeration 
into oligomeric clusters and the subsequent stabilization of Ag NPs is achieved 
using various surfactants, with functional groups such as amines, acids and thiols 
attached. This results in Ag NPs that are protected from aggregation and 
sedimentation as well as the loss of surface properties (Oliveira et al., 2005). Many 
technologies have been explored for the fabrication of silver halide NPs such as 
AgCl. The most common being the electrospinning and microemulsion methods 
(Putz et al., 2015). More facile methods, include direct co-precipitation using 
AgNO3 and potassium-, hydrogen- or sodium chloride in mixed solvents of water 
and different alcohols. Depending on the solvent type and reaction conditions, 
either spherical, plate or rod-like NPs in the size range 10 nm – 300 nm can be 
prepared (Tiwari and Rao, 2008). 
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The biosynthesis of Ag and AgCl NPs has tended towards the use of one-step 
reactions with a decrease in strong reducing agents. Lorestani et al. (2015) reported 
the one-step green synthesis of silver nanoparticle-carbon nanotube reduced-
graphene oxide composites using mild reduction in a hydrothermal reaction. Ag 
and AgCl NPs are also commonly produced through phytosynthesis. An aqueous 
extract from needles of Pinus densiflora (red pine) was used as the reducing agent 
through a photo-reduction process. This produced NPs that were capable of use as 
plasmonic photocatalysts (Kumar et al., 2016). 
 
Properties and Applications of Silver and Silver Chloride Nanoparticles 
Ag and AgCl NPs have many unique properties, including large surface area, many 
shape varieties, surface charges and coatings, state of agglomerations, dissolution 
rate as well as highly efficient electrical conductivity (Wei et al., 2015). It is well 
documented that the shape of these NPs dramatically affects these properties. 
Common shapes utilized in the biomedical field include spherical NPs, nanowires, 
nanorods, nanoplates, and nanocubes (Rycenga et al., 2011). Research has shown 
that the biological effects of Ag NPs are dependent on the magnitude of the surface 
charges of their surface coating, which directly impacts how they interact with 
biological systems (Reidy et al., 2013). Dissolution of Ag and AgCl NPs because 
of surface oxidation leads to the production and release of ionic silver. The rate of 
dissolution is determined by the chemical and surface properties of the NPs as well 
as their size.  It is also further affected by the nature of the surrounding medium 
(Mishra et al., 2014). 
 
Ag NPs are some of the most widely used materials in nanotechnology today. 
Owing to their unique optical, electronic, and antibacterial properties, Ag NPs have 
been widely used in biosensing (Kumar-Krishnan et al., 2016), photonics (Hu and 
Chan, 2004), electronics (Alshehri et al., 2012) and antimicrobial (Fernández et al., 
2008) applications. The antiviral properties of Ag NPs have been well documented. 
Ag NPs have been shown to inhibit bacteriophage φX174, murine norovirus, 
adenovirus serotype 2 (Park et al., 2014), A/Human/Hubei/3/2005 (H3N2) 
influenza virus (Xiang et al., 2013), herpes simplex virus, human parainfluenza 
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virus (Gaikwad et al., 2013) in addition to the human immunodeficiency virus (Lara 
et al., 2011).  
 
These antimicrobial properties allow Ag and AgCl NPs to be incorporated into 
multiple medical devices. These include wound dressings, tissue scaffolds, medical 
catheters, contraceptive devices, bone prostheses and coatings (Amendola, Polizzi 
and Meneghetti, 2007; Ge et al., 2014). Antimicrobial properties also allow for use 
in a wide range of consumer products, such as textiles, cosmetics, toothpaste, 
lotions, detergents, home appliances and food storage containers (Kessler, 2011; 
Thomas et al., 2007). The electronic applications of Ag and AgCl NPs span the 
preparation of active waveguides in optoelectronics, nanoelectronics, inks for 
printed circuit boards, battery-based intercalation materials, data storage, nonlinear 
optics and integral capacitors (Jeong et al., 2015; Kim et al., 2007; Lei et al., 2014). 
The large surface area as well as anisotropic nature of these NPs promotes an 
increased surface reactivity. This allows for the use of Ag NPs and Ag-inclusive 
nanocomposites for the catalysis of many reactions. These include CO oxidation 
(Khan et al., 2015), photodegradation of gaseous acetaldehyde (Hu et al., 2009), 
the reduction of p-nitrophenol to p-aminophenol (Zhang et al., 2012) and photo-
oxidation in photographic material (Husein, Rodil, and Vera, 2005). 
 
2.2.2 Semiconductor Nanoparticles 
The focus of much nanotechnological research has been geared towards 
semiconductor nanoparticles; mainly due to their size- and shape-dependent 
physical and optical properties (Karim et al., 2014). The appeal of semiconductor 
NPs lies not only in their reduced cost of synthesis but more importantly, the 
conditionality of their optoelectronic properties as a function of size, morphology 
and surface chemistry. This leads to novel and improved applications in multiple 
areas such as optoelectronics, material science, chemical and electrical engineering, 
and biomedicine (Kim et al., 2003).  
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Lead Sulphide Nanoparticles 
PbS is an important IV-VI group semiconductor. It has attracted much scientific 
attention because of its uniquely small direct-band gap (0.41 eV) and large 
excitonic Bohr radius of 18 nm (Karami, Ghasemi and Matini, 2013). Any NP with 
a size smaller than that of its Bohr’s radius is considered a quantum dot. PbS NPs 
thus have size-dependent optical properties and have been shown to be tuneable 
light absorbers and emitters in optoelectronic devices such as light-emitting diodes 
(LEDs) and quantum-dot lasers (Wattoo et al., 2012). They have been shown to 
exist in a variety of highly structured but also amorphous morphologies, which both 
play a major role in the scope of their application.  These morphologies include 
nanocrystals, nanorods, dendrites, nanotubes, star-shaped, nanocubes, and flower- 
like nanocrystals (Dong et al., 2006; Karim et al., 2014) 
 
Synthesis of Lead Sulphide Nanoparticles 
Currently, the synthesis of PbS materials of high quality and purity utilises lead 
oxide and bis(trimethylsilyl) sulphide as precursors in an energetically taxing 
process. This reaction is highly air-sensitive and extremely toxic (Liu et al., 2009). 
Other solvothermal methods have also been developed and optimized to occur at 
room temperature, with the use of octadecene and oleic acid as the reaction medium 
and 2,2-dithiobis(benzothiazole) as the reducing agent (Karim et al., 2014). Due to 
the strong influence of size and shape on the optical properties of PbS NPs, much 
attention has been placed on controlling these parameters to optimally fine tune NPs 
for specific application. One such process is the surfactant-assisted homogeneous 
hydrolysis reaction route for the preparation of PbS nanorods using lead acetate as 
the precursor, thioacetamide as the reducing agent and sodium dodecyl sulphate as 
surfactant (Li et al., 2007). 
 
Limited published data is available on the green synthesis of PbS NPs. The 
intracellular biosynthesis of stable PbS NPs by a marine yeast, Rhodosporidium 
diobovatum has been reported (Seshadri, Saranya and Kowshik, 2011). When 
challenged with Pb ions, Torulopsis sp., were also shown to synthesize intracellular 
PbS NPs that exhibit unique semiconductor properties (Kowshik et al., 2002). 
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Extracellular production of spherical PbS NPs using the phototrophic bacterium, 
Rhodobacter sphaeroides was reported by Bai and Zhang (2009). The bacterium 
was immobilized within 3 mm polyvinyl alcohol beads and exposed to Pb salts in 
solution to produce nanospheres with an average size of 10.5 ± 0.15 nm.  
 
Properties and Applications of Lead Sulphide Nanoparticles 
Semiconductor NPs possess physical properties that are intermediate between those 
of the elemental metals and the bulk solid. Due to the correlation between synthesis 
methods and the resulting properties of the NPs, the synthesis of these NPs is the 
subject of intense research (Jang et al., 2010). The potential applications of PbS 
NPs are vast. These include ion-selective sensors, photoconductors, solar cells, 
optoelectronic and photo voltaic devices, infrared (IR) detectors and biosensors 
(Feng et al., 2004). In semiconductor NPs, especially PbS NPs, when the diameter 
of the NP is smaller than the dimension of the exciton Bohr’s radius, unique 
physical and chemical properties emerge due to the quantum confinement effect 
(Kim et al., 2003). A decrease in NP size results in a blue shift of the UV-Vis-NIR 
spectral peaks, which has implications in the design and fabrication of novel 
electronic devices as well as more efficient solar cells (Cao et al., 2006). PbS NPs 
have shown to be promising in their application in electrochemical DNA 
hybridization analysis assays. They have been used as a marker to label known 
oligonucleotide sequences and employed as DNA probes to detect single-stranded 
DNA based on a specific hybridization assay (Zhu et al., 2004).  
 
2.3 Nanoparticle Formation and Growth 
Even though NMs have been utilized and synthesized for many years, the exact 
mechanisms for formation and growth of these particles remains theoretical (Thanh, 
Maclean, and Mahiddine, 2014). This process has been described through the 
LaMer burst nucleation (LaMer, 1952), to explain the formation of singular atomic 
clusters, followed by the process of Ostwald ripening (Ostwald, 1900), used to 
describe the change in NP size.  
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2.3.1 Mechanisms of Formation and Growth 
Nucleation is the process by which zerovalent atoms, which are free in solution, 
combine to produce a thermodynamically stable cluster. A supercritical nucleus 
capable of further growth is formed when the cluster exceeds its critical size. This 
is determined by the competition between the aggregate curvature and the free 
energy favouring growth of the new phase (Tojo, Barroso and de Dios, 2006). The 
first proposed theoretical mechanism for nucleation and growth was the LaMer 
mechanism in 1952. It defines the conceptual separation of reduction, nucleation 
and growth into separate stages (LaMer, 1952). This mechanism is divided into 
three processes: (i) a rapid increase in the concentration of free atoms in solution, 
(ii) the atoms forming clusters undergo “burst nucleation” which leads to the 
dramatic decrease in free atoms, (iii) the growth of stable particles under the control 
of the diffusion of free atoms through the solution via Ostwald ripening or 
coalescence. These stages are shown in Figure 2.2, where the concentration of free 
atoms is plotted as a function of reaction time (Thanh, Maclean and Mahiddine, 
2014). 
 
 
 
Figure 2.2. Schematic illustration of the nucleation and growth process of 
nanocrystals in solution. Precursors are initially dissolved in solvents to form free 
atoms. The generation of nuclei follows and the growth of nanocrystals occurs via 
the aggregation of nuclei through either Ostwald ripening, coalescence or oriented 
attachment (LaMer and Dinegar 1950). 
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Ostwald ripening is a spontaneous growth mechanism driven by a change in the 
solubility of NPs (Figure 2.3a). Changes in solubility are highly dependent on the 
NPs core size (Baldan, 2002). The high solubility and surface energy of smaller 
NPs within the solution allow them to redissolve. Thereafter, the growth of larger 
particles, through redissolved atoms, leads to an even larger single domain NP 
(Baldan, 2002). Coalescence and orientated attachment are growth mechanism 
phenomena that occur through the collision of particles. Coalescence occurs 
through the collision of NPs resulting in lattice planes that are randomly orientated 
between domains (Nair and Pradeep, 2002). Orientated attachment however, occurs 
through the collision of crystallographically aligned NPs in suspension (Figure 
2.3b). Alternatively, coalescence occurs first, followed by the rotation of 
misaligned NPs in contact towards low-energy interface configurations. This leads 
to the perfect alignment of lattice planes (Lee et al., 2005).  
 
 
 
Figure 2.3. Schematic illustration of controlled nanoparticle growth. (a) 
Ostwald ripening mechanism in which smaller nanoparticles redissolve into 
solution to allow formation of a larger nanoparticle. (b) Oriented attachment 
mechanism whereby the collision and spontaneous self-organization of adjacent 
particles results in a common crystallographic orientation, followed by the joining 
of these particles at a planar interface. Image adapted from Zhang et al. (2010). 
 
 
Ostwald Ripening 
Oriented Attachment 
a) 
b) 
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NMs can be categorized as isotropic (identical in all directions) or anisotropic 
(having different values when measured in different directions) in nature (Sajanlal 
et al., 2011). In contrast to isotropic NPs, anisotropic NPs give rise to novel features 
and unique physicochemical properties, primarily due to the number of step edges 
and kink sites on the NP surface, as well as higher surface area-to-volume ratio. For 
example, polyhedral Au NPs that exhibit high-index facets display excellent optical 
and catalytic properties (Rao, 2010). Au nanorods with varying ratios of length and 
width display different plasmon bands. Differences in plasmon bands within a 
single particle shape have direct implications in sensing, catalytic and SERS 
applications (Lu et al., 2009). Similar effects have been observed for branched Au 
NPs with multiple tips such as nanoflowers and nanostars.  
 
Many anisotropic NPs have been synthesized to date. These include, nanobelts, 
nanosheets, nanorods, nanowires, nanotubes, nanohexagons, nanotriangles and 
nano-urchins (Lu et al., 2009; Wu, Yang and Wu, 2016). Anisotropic NPs not only 
provide an interesting system for studying the growth mechanism of NPs but are 
also useful for the investigation into the fundamentals of shape- and size-dependent 
characteristics of NMs (Lee et al., 2014). The morphology and form of NMs has a 
substantial effect on the properties of the material and thus the intended application.  
 
Generally, NP growth occurs in either a thermodynamically controlled or 
kinetically controlled manner (Sajanlal et al., 2011). Thermodynamic growth often 
results in uniform growth of all crystal facets and subsequent formation of spherical 
structures (Figure 2.4). In the case of kinetically controlled growth, preferential and 
directional growth occurs that in turn results in the anisotropic growth, or growth 
in different crystal facets (Lee et al., 2014). In the chemical synthesis of anisotropic 
Au NPs, thermodynamically controlled nucleation and growth occurs initially to 
form spherical NPs. The subsequent preferential binding of surfactant molecules to 
specific crystal facets or planes occurs in a kinetically controlled manner (Lu et al., 
2009). CTAB is shown to bind to the {100} crystal plane of Au NPs, with growth 
being continued in one dimension until all reagents and precursors have been 
exhausted. This then leads to the formation of Au hexagonal prisms or nanorods. 
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Figure 2.4. Schematic illustration showing the various stages of the reaction 
that leads to the formation of nanoparticles with different shapes. After 
nucleation and growth, stacking faults in the seeds results in plate-like structures. 
Green, orange, and purple represent the {100}, {111}, and {110} facets, 
respectively. The parameter R is defined as the ratio between the growth rates along 
the {100} and {111} directions. Twin planes are delineated in the drawing with 
magenta lines (Lu et al., 2009). 
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2.4 Structure of Nanoparticles 
Nanomaterials, as with most materials, can be classified into several different 
categories, including distinct manufacturing, properties and applications. The 
properties that NPs are most frequently characterized into are their dimensionality, 
morphology, composition, purity, and level of aggregation or agglomeration 
(Tiwari, Tiwari, and Kim, 2012). NPs are also grouped into metals, insulators and 
semiconductors. This grouping however, leads to the exclusion of CBNs and other 
organic NPs. NPs can therefore also be classified into organic and inorganic or 
further divided into engineered (Au NPs), incidental (combustion reactions) and 
natural (proteins and viruses) NMs (Glezer, 2011). NMs can exist as zero (0-D), 
one (1-D), two (2-D) or three (3-D) dimensional structures depending on the 
number of dimensions that fall into the 1-100 nm size range (Figure 2.5).  
 
 
 
Figure 2.5. The classification of heterogeneous nanomaterials based on their 
structural complexity. Zero-dimensional (0-D), one-dimensional (1-D), two-
dimensional (2-D), three-dimensional (3-D) as well as the even more complex 
hierarchical 3-D nanostructured networks and nanocomposites. (2016, April 27). 
Image retrieved from http://www.scs.illinois.edu/murphy/Ran/research/edu1.html.  
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Zero-dimensional NMs include nanoclusters, quantum dots and NPs in suspension. 
One-dimensional NMs are within the 1-100 nm size range in only one direction; 
these include nanorods, nanowires and nanotubes. Two-dimensional NMs comprise 
nanoplates, nanofilms or sheets with nanometre thickness. The structural elements 
in 0-D, 1-D and 2-D can either be suspended in a solvent or dispersed into a 
macroscopic matrix or substrate (Sajanlal et al., 2011). Three-dimensional NMs 
include all the structural elements of 0-D, 1-D and 2-D, which are in close contact 
with each other, to form nanopowders or multi-layered nanocomposite 
polycrystalline materials (Tiwari, Tiwari and Kim, 2012).  These NMs can 
additionally either be homologous or hybrid heterologous structured materials. By 
controlling the experimental parameters such as precursor concentration, reducing 
agents, stabilizer and reaction conditions, it is therefore possible to control the shape 
of NPs 
 
2.4.1 Effect of Nanostructure Shape, Size and Surface Chemistry on Metal-
based Nanomaterials 
Each of the properties of NPs depends on the type of motion that its electron can 
perform, which is determined by their spatial confinement. Therefore, the optical 
properties of colloidal metal NPs in the UV-Vis-NIR range is dictated by the LSPR 
(Lu et al., 2009). LSPR occurs in metal NPs through the collective oscillation of 
free surface electron changes which is driven by a specific wavelength of light 
(Figure 2.6) (Jain et al., 2006). When the incoming electromagnetic wave matches 
the frequency of the electron cloud, LSPR occurs and light of that specific 
wavelength is absorbed (Myroshnychenko et al., 2008). The frequency as well as 
the intensity of the resonance is determined by three factors: (a) the innate dielectric 
property of the metal NP, (b) the dielectric constant of the medium in which the 
metal is dispersed, (c) the pattern of surface polarization (Sajanlal et al., 2011). 
Correspondingly, any differences in shape or size of the NP can alter the surface 
polarization which in turn leads to a variation in the plasmon resonance (Lu et al., 
2009). The interest in NPs with these characteristics is driven by their potential for 
unique application.  
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Figure 2.6. Schematic illustration of the LSPR of a metallic NP. The surface 
electron cloud oscillates in response to an appropriate wavelength of light. When 
wavelength of light matches the frequency of the electron cloud, LSPR occurs. 
Image retrieved from http://nanohybrids.net/pages/plasmonics. 
 
Noble metal nanorods are well-placed to demonstrate the shape- and size-dependent 
LSPR of metallic NPs. As demonstrated by Nelayah et al. (2007), the UV-Vis-NIR 
spectrum of Au nanorods does not only show one resonance peak but rather two. 
Nanorods are more easily polarizable on the longitudinal axis, therefore the LSPR 
occurs at a higher wavelength and consequently a lower energy (Figure 2.7). For 
other anisotropic Au NPs such as nanoplates or nanoprisms, the LSPRs are 
generally divided into distinctive dipole and quadrupole plasmon modes (Nelayah 
et al. 2007). The LSPR can also generate a localized electric field within a few 
nanometres of the NPs surface. This is regarded as a near field effect that can 
enhance the Raman scattering cross sections on markers conjugated to the surface 
of the NPs (Israelsen, Hanson and Vargis, 2015). In terms of anisotropic NPs, the 
enhancement concerns the charge density localization formed at the vertex or outer 
tip of a NP. After the excitement of the free electron on the vertex of NPs by an 
electromagnetic field, a strong highly localized electromagnetic field develops 
leading to a large field enhancement. This phenomenon is responsible for the high 
SERS activity of anisotropic NPs (Lee et al., 2014). 
Electron Cloud Metallic 
Nanoparticle 
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Figure 2.7. Schematic illustration of the two LSPRs of Au nanorods. The 
surface electron cloud oscillates along the transverse as well as longitudinal axis in 
response to an appropriate wavelength of light. Image retrieved from 
http://nanohybrids.net/ pages/plasmonics. 
 
The large surface area to volume ratio of NPs also impacts its chemical reactivity. 
As reported by Jang and co-workers (1997), the rate of photochemical reactions of 
organic molecules absorbed on to the surface of Ag NPs is as a result of differing 
surface geometry. For certain reactions, Au NPs which were considered to be 
chemically inert have been found to be a highly efficient catalyst at sizes below  
5 nm. Noble metal NPs involved in catalysis allow for lower reaction temperatures 
which is important for the development of energy-efficient green processes 
(Hvolbaek et al., 2007). NPs allow for an increased site for reactivity by increasing 
number of edges, corners, facets and faces. Such reactions thus have an increase in 
selectivity which leads to highly controlled catalytic activity. Such is the case for 
palladium NPs which showed increased catalytic activity for the hydrogenation of 
butyne-1,4-diol and of styrene oxide (Telkar et al., 2004). Even though various 
factors responsible for the growth of nanoparticles are known, the exact mechanism 
for growth lacks evidence. Anisotropic NPs do not only provide an interesting 
system for studying the growth mechanism of NPs but are also useful for the 
investigation into the fundamentals of shape- and size-dependent characteristics of 
NMs. 
Longitudinal LSPR Transverse LSPR 
Gold Nanorod 
Electron Cloud 
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2.4.2 Methods of Nanoparticle Synthesis 
Currently, a myriad of chemical, physical, biological and hybrid methods are 
available for the synthesis of dimensionally controlled NPs with high quality, as 
shown in Table 2.1. Traditionally, NPs are produced by chemical and physical 
methods following either the “top-down” or “bottom up” synthesis approaches 
respectively (Dhand et al., 2015). 
 
The physical, or “top-down” methods for NP synthesis involves the application of 
mechanical pressure, high energy radiations, thermal radiation or electrical energy 
to result in the evaporation, melting, condensation or abrasion of materials to 
produce NPs. These methods have the advantage of being solvent-free and produce 
monodisperse NPs, but often involve a high amount of waste production and are 
usually very energetically taxing and thus not usually very economically viable 
(Daraio and Jin, 2012). The fundamentals of chemical NP synthesis are based on 
the “bottom-up” approach. NPs are therefore fabricated from their inherent building 
block: atoms and molecules. Chemical methods rely on the reduction or 
decomposition of materials and subsequent formation of NPs (Lu et al., 2009). 
 
The conventional physiochemical methods of NP synthesis often require the use of 
high-energy inputs, expensive precursors and the addition of organic solvents. 
Furthermore, they are limited by the environmental pollution caused by heavy 
metals and toxic effluents. NM synthesis via biological methods is therefore at the 
forefront of green synthesis. These methods have advantages in nontoxicity, 
reproducibility, well-defined morphologies and easy scaling-up (Singh et al., 
2016). More specifically, several microorganisms such as bacteria, fungi and plants 
and their biomolecules, have been explored to produce NPs. Biological methods 
are thus broadly divided into synthesis using biomolecules as templates, using 
plants and plant extracts as well as using microorganisms for NM synthesis.  
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Table 2.1. Summary of nanoparticle synthesis methods.
Synthesis 
type 
Nanoparticle 
type Principle Methods Advantages Disadvantages References 
Physical Carbon-based 
NMs, metal-
based NMs, 
nanocomposites  
Application of 
mechanical pressure, 
high energy 
radiations, thermal 
radiation or electrical 
energy to start 
materials 
High-energy ball 
milling, laser 
pyrolysis, laser 
ablation, physical 
vapour deposition 
and melt mixing  
Absence of chemical 
reagents, lack of 
contaminants, 
uniform distribution 
in thin films  
Spatial limitations, 
high energy input, 
costly equipment, 
reduced quality 
(Daraio and Jin, 
2012; Duan, Wang 
and Li, 2015; 
Umer et al., 2012)   
Chemical Carbon-based 
NMs, metal-
based NMs, 
nanocomposites   
Chemically-driven 
reduction or 
decomposition, 
nucleation and 
stabilization 
Sol–gel method, 
hydrothermal, 
chemical vapour, 
microemulsion 
technique 
High controllability 
and reproducibility, 
well-understood, can 
be eco-friendly  
Toxic chemical 
effluent and waste, 
high energy input, 
costly 
(Dahl, Maddux, 
and Hutchison, 
2007; Iravani et al., 
2014; Lu et al., 
2009) 
Biological Metal-based 
NMs, 
nanocomposites 
Bacteria, fungi and 
plants (biomass or 
extracts), as well as 
their biomolecules 
Exposure of bio-
reductants to start 
materials 
Nontoxicity, 
biocompatible, 
environmentally 
benign, reproducible, 
easy scaling-up 
Mechanism not 
fully understood, 
polydispersity, 
prolonged reaction 
time 
(Hulkoti and 
Taranath, 2014; 
Singh et al., 2016).  
Literature Review  
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2.5 Principles of Green Chemistry in Nanotechnology 
Nanotechnology is still currently in its “discovery phase” in which novel materials 
are being synthesized and characterized. Within this phase, research is 
predominantly focused on identifying new properties and applications for materials. 
Consequently, the evaluation of any unintended or hazardous properties are often 
overlooked (Dahl, Maddux and Hutchison, 2007). Due to the current and 
anticipated growth in the production, application and distribution of NMs in 
industry, the entire design process must also consider processes that minimize 
hazard and waste production. Green chemistry is the design of chemical-related 
products and processes that aim to reduce or eliminate the generation of hazardous 
substances and excess waste in order to provide more sustainable technology 
(Anastas, and Eghbali, 2010). The 12 principles of green chemistry have already 
been successfully employed in industries involved in the development of highly 
functionalized products (Sheldon, 2016). These include computer chips, 
biodegradable plastics, paint, general catalysis reactions involving metathesis as 
well as pharmacological agents such as JanuviaTM (diabetes type II) and 
Simvastatin (lowering cholesterol) (Dunn, 2012). 
 
The application of green chemistry to NM synthesis will prove advantageous in the 
production-level and commercial scale design and development of NMs 
(Hutchison, 2008). Green nanotechnology strives to discover synthesis methods 
that eradicate the need for harmful reagents, enhances the overall efficiency, while 
providing a sufficient volume of final product in an economically viable manner 
(Sheldon, 2016). It therefore also provides a proactive design scheme that assures 
NMs are inherently safer by assessing the biological and ecological hazards in 
tandem with design. This seeks to maximize societal benefits while minimizing 
impact on the ecosystem (Duan, Wang and Li, 2015). The biosynthesis of NMs 
encompasses the essence of green chemistry and thus plays a prominent role in 
guiding nanobiotechnology (Nath and Banerjee, 2013).  Many of the principles of 
green chemistry can be readily applied to the biosynthesis of NMs, as summarized 
in Figure 2.8. In nearly every case, several of the principles can be applied 
simultaneously to drive the best design or solution (Rani, 2014). 
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Figure 2.8. Translating the 12 green chemistry principles for application in the practice of green nanoscience. The principles are 
listed, in abbreviated form, along with the general approaches to designing greener nanomaterials and nanomaterial production methods 
and specific examples of how these approaches are being implemented in green nanoscience. Within the figure, PX, where X = 1-12, 
indicates the applicable green chemistry principle. Note. Retrieved from "Toward greener nanosynthesis" by J. A. Dahl, B. L. Maddux, 
and J. E Hutchison, 2007, Chemical reviews, 107(6), 2228-2269.
 Literature Review 
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2.6 Microbial Synthesis of Metallic Nanoparticles 
Microbial bio-reactors for NP synthesis include actinomycetes, algae, yeast and 
bacteria. Microorganisms have shown the ability to remove precursor ions from the 
environment and reduce metals to their elemental form (Ahemad and Kibret, 2013). 
This is achieved through the use of biomolecules such as enzymes, anionic functional 
groups, vitamins and reducing sugars. These can also serve as biogenic capping agents 
that reduce aggregation and therefore stabilize NPs (Kharissova et al., 2013). 
Synthesis using bacteria or bacterial by-products is not only gaining much scientific 
interest, but also commercial interest. This is because the large-scale synthesis of NPs 
using bacteria avoids the use of hazardous, toxic, and expensive chemical materials 
for the synthesis and stabilization processes. This method encompasses green 
nanotechnology and has many advantages over other microorganisms (Iravani et al., 
2014). Most significant is providing a novel manufacturing technology that is 
environmentally benign and is commercially sound in terms of yield, reproducibility 
and scalable biosynthesis with low costs and at low energy input (Moon et al., 2010). 
Bacterial synthesis of NMs is therefore becoming the preferred method over other 
microbes. 
 
2.6.1 Biosynthesis of Nanoparticles using Bacteria 
Bacterial systems of biosynthesis are separated into extracellular or intracellular 
mechanisms, depending on the localization of NP synthesis. Intracellular synthesis 
involves either a specific or general transport mechanisms for ion movement into the 
cell (Konishi et al., 2004). The subsequent reduction and nucleation is followed by 
growth and capping of NPs to either be excreted back into the environment or 
compartmentalized within the cell (Nangia et al., 2009). Extracellular synthesis can 
either involve the binding of ions to the cell surface to form NPs or can be 
accomplished through biomolecules that are expelled into the environment and 
separated from the bacterial cell biomass (Juibari et al., 2015; Shivaji, Madhu and 
Singh, 2011). An increased ease of purification and suitability for downstream 
industrial processes are the main advantages of extracellular synthesis (Dhand et al., 
2015). The most efficient method of bacterial biosynthesis is dependent on the 
optimization of each specific method for each metal and bacteria, respectively. 
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Various genera of bacteria have been reported for the synthesis of metallic 
nanoparticles including Bacillus, Pseudomonas, Klebsiella, Escherichia, 
Enterobacter, Aeromonas, Corynebacterium, Lactobacillus, Pseudomonas, Weissella, 
Rhodobacter, Rhodococcus, Brevibacterium, Streptomyces, Desulfovibrio, 
Shewanella, Rhodopseudomonas, Pyrobaculum, and others (Hulkoti and Taranath, 
2014; Li et al., 2011; Narayanan and Sakthivel, 2010; Park et al., 2010; Park, Lee and 
Lee, 2016; Thakkar, Mhatre and Parikh, 2010). Inorganic metal NMs synthesized in 
different bacteria are summarized in Table 2.2. It should be noted that this is not an 
exhaustive list as other synthesized metal NMs including Fe, Au, Hg, Pb, Pd, Ag, Se, 
TeO, TiO, Co, Li, Ni, Pd, Pt, Rh, Ru etc. have been reported.  
 
Table 2.2. List of the bacteria employed for the synthesis of metal nanoparticles. 
Bacteria Metal Size (nm) Reference 
Pseudomonas stutzeri Ag ~200 (Klaus et al., 1999) 
Morganella sp. Ag 20 - 30 (Parikh et al., 2008) 
Rhodopseudomonas palustris CdSO4 6 - 11 (Bai et al., 2009) 
Escherichia coli CdS 2 - 5 (Sweeney et al., 2004) 
Actinobacter spp. Fe3O4 10 - 40 (Bharde et al., 2005) 
Shewanella algae Au 10 - 20 (Konishi et al., 2004) 
Rhodopseudomonas capsulata Au 10 - 20 (He et al., 2007) 
Escherichia coli DH5a Au 25 - 33 (Du et al., 2007) 
Thermomonospora sp. Au 8 (Ahmad et al., 2003) 
Rhodococcus sp. Au 5 - 15 (Ahmad et al., 2003) 
Klebsiella pneumoniae Ag 5 - 32 (Shahverdi et al., 2007) 
Pseudomonas aeruginosa Au 15 - 3 (Husseiny et al., 2007) 
Shewanella oneidensis Ur(IV) - (Marshall et al., 2006) 
Recombinant E. coli Gd, Pr, Co - (Park et al., 2010) 
 
Although fabrication of NPs using microbial systems is highly researched, there is a 
knowledge deficiency in the underlying mechanisms of synthesis. This has led to 
challenges in developing highly controlled synthesis reactions. Much research is now 
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going into the identification of specific mechanisms to take full advantage of microbial 
synthesis of NPs (Duan, Wang and Li, 2015). In a recent study, Johnston et al. (2013) 
illustrated the synthesis of Au NPs by the bacterium Delftia acidovorans. NP synthesis 
was attributed to a small non-ribosomal peptide, delfibactin. Production of delfibactin 
was correlated to the resistance mechanism of D. acidovorans to toxic Au3+ ions. This 
was the first report of a probable mechanism responsible for the formation of metal 
NPs and how it can vary in different bacteria. Investigations into bacterial synthesis 
suggest the mechanisms to rely mostly on enzymatic reduction of metal ions and 
protein capping of NPs (Zhang et al., 2011). He et al. (2007) suggested a different 
mechanism for NP synthesis, through the reduction of Au3+ ions via an NADH-
dependent reductase. The results demonstrated that spherical Au NPs in the range of 
10 nm – 20 nm were observed at pH 7 whereas anisotropic nanoplates were observed 
at pH 4. The nitrate reductase enzyme was also found to be responsible for the 
synthesis of spherical Ag NPs in Bacillus licheniformis (Vaidyanathan et al. 2010).  
 
Although the use of wild-type bacteria has been successful in NP synthesis, the use of 
genetically engineered bacteria has gained much interest. This is due to the 
development of methods allowing the production of a more diverse range metal NPs. 
These NPs have a wide array of properties for various applications and are synthesized 
using only a single bacterial isolate (Park et al., 2010). A well-established method of 
NP synthesis involves the overexpression of certain plant peptides. These include 
phytochelatins (PC) or metallothioneins (MT), which are used by plants in the 
detoxification of heavy metals from soil (Cobbett and Goldsborough, 2002). 
Genetically engineered E. coli expressing PC and/or MT has been reported for the 
synthesis of Cd, Cu, Hg, Pb, and Zn NPs via the complex formation of the metal ions 
through reduction and metal-binding affinity (Park, Lee and Lee, 2016). 
 
Bacterial synthesis offers several advantages, but the inherent polydispersity of NPs 
remains a challenge. Much scientific effort has been put forward to develop strategies 
to fabricate NMs in a large variety of morphologies and sizes while maintaining 
monodispersity (Dhand et al., 2015). This is becoming increasingly evident in the 
process by which biological synthesis research is conducted (Gurunathan et al., 2009). 
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Recent studies have attempted to increase monodispersity by optimising the critical 
experimental parameters within stable synthesis systems. The control of the shape and 
size of NPs has been shown by either varying the environmental growth conditions or 
altering the functional molecules involved (Singh et al., 2016). Gurunathan et al. 
(2009) reported the synthesis of increasingly biocompatible and monodisperse 20 nm 
Ag NPs. This was achieved by the optimization of the reaction conditions, including 
pH, temperature, redox conditions, aeration, incubation period, salt concentration, 
mixing ratio, and level of irradiation. 
 
2.7 Addressing the Call for Green Nanotechnology with Bacterial Biosynthesis 
Nanotechnology has the potential to change the way in which the developing world’s 
most critical problems are addressed. In 2005, the United Nations (UN) Millennium 
Project’s Taskforce on Science, Technology and Innovation concluded that, with the 
use of nanotechnology, the objectives put forward in the Millennium Development 
Goals (MDGs) can be achieved (Gardner, 2015). These include the reduction of child 
mortality, improvement of maternal mortality as well as the combat of various 
diseases, including HIV/AIDS, cancer and malaria (Salamanca-Buentello et al., 2005). 
In parallel with the UN MDGs, The South African National Development Plan (NDP) 
2030 aims to eliminate poverty and reduce inequality by 2030 (National Planning 
Commission, 2012). The main issues it aims to address are; water, electricity and 
sanitation, quality education and skills development, health-care, employment, a clean 
environment and adequate nutrition. As a major driving force of much current 
scientific research, nanotechnology can either directly or indirectly provide solutions 
in each of these facets (Drexler, 2013). South Africa’s NSN was developed to globally 
position the country as a hub for research and development in the field (Department of 
Science and Technology, Government Gazette, 2007). The focus areas are health-care, 
water, energy, chemical and bioprocessing, mining and minerals, and advanced 
materials and manufacturing. Improved health-care, more specifically primary health-
care, is one of the six pillars emphasized. The principal applications of nanotechnology 
in medicine are in the areas of drug discovery, development and delivery, tissue 
engineering, diagnostics and testing as well as medical devices and surgical treatments 
(Daraio and Jin, 2012).  
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Biologically synthesized NMs are currently being used to develop nanodevices and 
systems which function to prevent, treat and monitor specific diseases (Sharma at al., 
2015). Another common problem in developing countries is chemical pollutants in 
water sources as well as the presence of bacteria and viruses that lead to water-borne 
diseases. Nano-based water treatment devices have already been developed and are 
currently being implemented worldwide. These have the potential to remove pollutants 
and contaminants from water sources (Savage and Diallo, 2005). Various other 
products such as nanosorbents, nanocatalysts and nanostructured membranes have also 
been developed and evaluated for this process (Qu, Alvarez and Li, 2013). The NDP 
also directs attention to the risks of carbon emissions and global warming and thus the 
need for alternative energy sources such as wind and solar power. The "solar steam 
device" has been developed and is intended for use in areas of developing countries 
without electricity. It uses nanoparticles to generate steam with solar energy. On a 
large scale, the devices have the ability to use sunlight to generate steam for use in 
running power plants. (Moon et al., 2015). Another important aspect of this NDP is to 
increase foreign direct investment (FDI), which has a direct impact on the economy of 
the country. An increase in FDI can catalyse industrialization and structural 
transformation, therefore creating new jobs (Sutton et al., 2016). Manufacture and 
processing of NMs in the country, with the use of locally available raw materials and 
resources, would create a new sector to attract foreign investment.  
 
The benefits of using green chemistry in the application of NMs have been well 
vindicated (Anastas and Warner 1998; Duan, Wang and Li, 2015; Dunn, 2012). 
Moreover, the application of sustainably synthesized biologically-based NM has a 
highly significant scope of potential in multiple applications and offers even more 
benefits (Pantidos and Horsfall, 2014). The advantages of bacterial synthesis can thus 
be applied in the manufacturing and production of NMs in South Africa. Bacterial 
synthesis has long been used in industrial biotechnological processes and also to 
provide commercially important products. These include fermented foods such as 
cheese, wine and yogurt (Heller, 2001). In the mining industry, bacteria are used as 
bioleaching agents in the extraction of precious metals from ore (Rohwerder et al., 
2003). Chemical manufacturing of ethanol, acetone and organic acids using bacteria 
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are a standard practice in the chemical processing industry (Qureshi et al., 2000). They 
are also implicated in the production of multiple pharmaceuticals and nutraceuticals 
additives such as vitamins, amino acids and sugars such as mannitol, sorbitol, and 
tagatose (Hugenholtz et al., 2002; Lee et al., 2009). The recent popularity of healthy 
living has further developed the nutraceutical industry, and in turn allowed for the 
optimization of bacterial synthesis involved in producing many of its raw materials.  
 
The current study seeks to provide a platform by which novel bacterially synthesized 
NMs can be produced. Due to the extreme environment from which P. castaneae (the 
bacteria of choice in this study) was isolated and cultured, as well as their inherent 
ability to resist the toxic effects of heavy-metal ions, it is proposed that this bacterium 
would have the ability to synthesize a range of noble and transition metal NPs.  In this, 
the use of a single bacterial species, such as P. castaneae, to produce multiple 
morphologies, sizes and types of NMs will allow for green nanobiotechnology to take 
a step forward in realising its potential as a sustainable sector of industry. For NP 
synthesis methods to become commercially viable, the entire design and process 
should result in NMs that are non-toxic, biogenic, use significantly less energy and are 
environmentally safe. Therefore, with the use of frameworks and practical experience 
from other bacterial synthesis industries, it is anticipated that bacterial synthesis of 
NMs can lead to South Africa becoming the hub for the commercialization of these 
products in Africa.  
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CHAPTER 3: MATERIALS AND METHODS 
 
3.1 Materials 
All reagents used in the study were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
The metal salts, lead nitrate (Pb(NO3)2), calcium sulphate dihydrate (CaSO4 × 2H2O), gold 
(III) chloride trihydrate (HAuCl4 × 3H2O) and silver nitrate (AgNO3), were purchased as 
>99 % pure and filter-sterilized using 0.20 µm membrane filter (GVS Filter Technology, 
ME, USA) prior to use. Sterile de-ionised water (sdH2O) was used for all experimental 
work. 
 
3.2 Bacterial Culturing 
The strain of P. castaneae used in this study was previously isolated from acid mine 
decant sourced from mine tailings in the West Rand of Gauteng (26°06'26.8"S 
27°43'20.2"E) and identified to species level using the Biolog Microbial ID System.  
P. castaneae was cultured from glycerol stocks by streaking out on Luria-Bertani (LB) 
agar plates (pH 7) that were then incubated overnight at 37 °C. Isolated colonies were 
used to prepare an overnight pre-inoculum that was further inoculated 1:100 (v/v) into 
LB broth (pH 7) for the accumulation of biomass. The culture was incubated under 
continuous shaking on a platform rotary shaker (Labcon, CA, USA) (200rpm) at 37 °C 
for 24 hours. After incubation, cells were harvested at 5000 x g using a Heraeus 
Microfuge XR1 (Thermo Scientific, MA, USA) for 15 minutes at 25 °C. Both the cell 
pellet and supernatant were retained for NP synthesis. 
 
3.3 Intracellular Nanoparticle Synthesis 
P. castaneae cell biomass was prepared by washing twice in sdH2O to remove any 
residual media constituents that could interfere with the intracellular synthesis of NPs. 
This was done through centrifugation at 3000 x g for 5 minutes each. To synthesize PbS 
NPs, 50 mL of 1 mM Pb(NO3)2 and 1 mM CaSO4 × 2H2O were mixed in equal volumes 
to which 1 g wet weight of biomass was added. One gram wet weight of biomass was 
added to 100 mL of 1 mM HAuCl4 × 3H2O or AgNO3 for the synthesis of Au and Ag NPs, 
respectively. As a control, 1 g wet weight of biomass was resuspended in 100 mL of 
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sdH2O. The solutions were incubated under continuous shaking on a platform rotary 
shaker (200 rpm) at 37 °C for 72 hours. During this time, they were observed visually for 
colour changes indicative of NP synthesis. The expected colour changes were; a white 
precipitate, pink-purple and yellow-brown for PbS NPs, Au NPs and Ag NPs, 
respectively. 
  
3.4 Extracellular Nanoparticle Synthesis 
Proteins that are secreted out of the bacterial cell into the growth medium are reported to 
be responsible for the extracellular reduction of metal ions (Iravani et al., 2014). These 
proteins would be present in the retained supernatant which was further processed for NP 
synthesis. The supernatant was centrifuged twice at 15 000 x g for 15 minutes and the 
pellet, consisting of any remaining cellular debris, was discarded resulting in the 
formation of a cell-free extract (CFE). For PbS NP synthesis the CFE was added to 1 mM 
Pb(NO3)2 and 1 mM CaSO4 × 2H2O in a 2:1:1 (v/v/v) ratio. For Au and Ag NP synthesis, 
the CFE was added to 1 mM HAuCl4 × 3H2O and 1 mM AgNO3 in a 1:1 (v/v) ratio 
respectively. Two sets of controls were included for each synthesis and treated under the 
same conditions, (i) CFE was added to sdH2O in a in a 1:1 v/v ratio and (ii) each metal 
precursor ion solution was added to uninoculated LB broth in a 1:1 v/v ratio. The solutions 
were incubated under continuous shaking on a platform rotary shaker (200 rpm) at 37 °C 
for 72 hours. During this time, they were observed visually for colour changes indicative 
of NP synthesis as previously described. 
 
3.5 Preparation of Samples for Nanoparticle Analysis 
Cells were separated from metal solutions by centrifugation at 5000 x g for 15 minutes at 
25 °C. Both the supernatant and cell pellets were retained for analysis. NPs were separated 
from media constituents and unreacted metal ions by centrifugation at 20 000 x g for 15 
minutes. The resulting NP pellets were washed twice with sdH2O. Thereafter both the 
cell pellet and NP solutions were sonicated at room temperature for 5 minutes (Scientech 
Ultrasonic Cleaner, Labotech, SA) to ensure colloidal dispersion by reducing aggregation 
and agglomeration before each analytical procedure. NPs synthesized both intra- and 
extracellularly were analysed.  
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3.6 Characterization of Nanoparticles 
3.6.1 Ultraviolet-visible (UV-Vis) Spectroscopy 
Preliminary characterization of NP synthesis was carried out by performing a wavelength 
scan using UV-Vis spectroscopy. The reduction of metal ions and the subsequent 
synthesis of NPs was initially monitored by the visual observation of a colour change in 
the solution. The absorbance maxima in the UV-Vis spectra of NPs are attributed to the 
characteristic LSPRs of each metal NP, but are also dependent on size, morphology and 
level of aggregation (Myroshnychenko et al., 2008). Expected absorbance maxima ranges 
were between 310-330 nm for PbS NPs (Wang and Yang, 2000), 550-600 nm for Au NPs 
(Chandran et al., 2006) and 420-450 nm for Ag NPs (Maciollek and Ritter, 2014). 
Following an appropriate dilution in sdH2O, absorbance measurements from  
200nm – 900 nm were carried out at a resolution of 1 nm on the Jasco V-630 UV-Vis 
spectrophotometer (Jasco Analytical Instruments, MD, USA). 
 
3.6.2 Differential Interference Contrast (DIC) Microscopy and Fluorescence 
Microscopy (FM) 
All microscopic analysis was completed at the Wits Microscopy and Microanalysis unit. 
The assessment of the inherent fluorescent properties of metal NPs and their association 
with bacterial cells (for intracellular NP synthesis) was performed using DIC and FM. 
For analysis, 10 µL of each experiment or control reaction was drop-cast onto 50 µL of 
Entellan™ (Merck Millipore, Germany) on a glass slide, a cover slip added and dried 
overnight at 50 °C. The absorbance maxima obtained from UV-Vis spectroscopy were 
used as the excitation wavelength for FM using the Olympus BX63 Fluorescence 
Microscope (Olympus, Tokyo, Japan) fitted with an Olympus DP 80 camera (Olympus, 
Tokyo, Japan). 
 
3.6.3 Scanning Electron Microscopy (SEM) and Energy-dispersive X-ray 
Spectroscopy (EDS) 
The analysis of the surface morphology, topography and the chemical composition of the 
biosynthesized NPs was achieved through the use of SEM coupled with EDS. Samples 
were prepared by drop-casting 100 µl of each experiment or control reaction onto an 
aluminium stub and allowed to dry overnight at room temperature.  
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Cells used during synthesis of intracellular NPs were alternatively prepared through 
fixation. Each cell pellet was immersed in 2.5% glutaraldehyde (Sigma-Aldrich, MO, 
USA) buffered in a 0.1 M sodium phosphate buffer (pH 7.4) for 1 hour. The pellets were 
then washed three times in 0.1 M sodium phosphate buffer (pH 7.4) for 10 minutes each. 
They were further immersed in a 1% aqueous osmium tetroxide (Sigma-Aldrich, MO, 
USA) solution for 1 hour and washed as described previously. Dehydration of each pellet 
occurred through a graded alcohol series (30%, 50%, 70%, 90%, 98%, 100% ethanol,  
15 min per step). Each sample was spread onto an aluminium stub and sputter coated to 
a thickness of 15 nm, with carbon (5 nm) using an Emitech K950X turbo pumped 
evaporator (Emitech Ltd, UK) and either Au/Pd or Cr (10 nm) using the Emitech K550X 
sputter coater (Emitech Ltd, UK). Cr was used to coat Au-containing samples, while 
samples containing PbS and Ag were coated with Au/Pd. Samples were analysed on the 
FEI Nova 600 Nanolab Dual Beam™ SEM/FIB (FEI Company, OR, USA) coupled with 
an Oxford Inca EDS detector (Oxford Instruments, Abingdon, UK) at 30 kV. 
  
3.6.4 Transmission Electron Microscopy (TEM) 
For the evaluation of size, shape and distribution of NPs, 10 µL of each experiment or 
control reaction was drop-cast onto a holey carbon-coated 200 mesh copper TEM grid 
(SPI, PA, USA) and dried in a desiccator overnight. TEM micrographs were taken on a 
FEI Tecnai T12 TEM (FEI Company, OR, USA) fitted with a TVIPS 4K CCD camera 
(Tietz Video and Image Processing Systems, Gauting, Germany) at 120 kV. 
 
All microscopic images displayed are representative images chosen that include 
information found in several fields of view.  Each image serves as the ‘average’ of 
multiple rendered images. 
 
3.6.5 Particle Size Analysis 
Image Processing 
Particle size and distribution analysis was determined using the Particle Analysis tool in 
ImageJ Image Processing and Analysis Software (NIH, Maryland, USA) on the TEM 
micrographs (Schneider, Rasband and Eliceiri, 2012). 
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3.6.6 Powder X-ray Diffraction (PXRD) 
Sample Preparation 
All experiment and control reactions were flash frozen in liquid nitrogen and thereafter 
lyophilized using the VirTis BenchTop Pro Freeze Dryer (SP Scientific, Warminster, PA, 
USA). The resulting powdered samples were thoroughly agitated using the Vortex Genie 
2 (Scientific Industries, NY, USA) for 1 minute to ensure even distribution and texture of 
powder particles.  
 
Powder X-ray Diffraction (PXRD) Analysis 
To evaluate the phase formation, crystalline nature, crystal type, purity as well as the 
structure of NPs, PXRD analysis was performed. Powder samples were loaded onto a 
zero-background Si sample holder (Rigaku Corporation, Tokyo, Japan). PXRD analysis 
was conducted at room temperature in a Rigaku MiniFlex600 Benchtop X-ray 
Diffractometer (Rigaku Corporation, Tokyo, Japan) fitted with a 600W (40Kv; 15 mA) 
X-ray generator, a counter monochromator to cut X-rays other than Cu Ka X-ray radiation 
(λ = 1.5406Å), and a high intensity D/tex Ultra high speed 1D detector. The 
diffractometer was operated at 30 kV with a current of 15 mA and a scanning speed of 
1°(2θ) min−1. PXRD patterns were obtained in the 2q range of 10-90°. MATCH! Phase 
Identification Software (Crystal Impact, Bonn, Germany) was used for phase 
identification and comparison of samples to known elemental phases. 
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CHAPTER 4: RESULTS AND DISCUSSION  
 
Increasing awareness among researchers and industry towards green chemistry and 
biological synthesis has led to development of environmentally friendly approaches 
for the production of NMs (Singh et al., 2016). When bacteria are incubated in the 
presence of toxic metals, both intra- and extracellular NPs can be generated as a 
result of the organisms’ inherent defence mechanisms. These mechanisms can thus 
be exploited as an alternative yet green method for the commercial synthesis of 
advanced functional NMs (Suresh et al., 2010). Environmentally harmful 
surfactants, solvents and toxins are avoided, the method is highly reproducible, and 
results in NPs that are highly stable and of various morphologies and sizes. The 
current study sought to evaluate the propensity of P. castaneae for the synthesis of 
PbS, Ag and Au NMs. 
 
4.1 Visual Confirmation of Nanoparticle Synthesis  
The biological synthesis of NPs was accomplished by the separate addition of  
P. castaneae cell biomass and CFE to metal ion precursors. Colour changes or 
changes in opacity were noted by visual observation in each reaction flasks. Such 
colour transitions are indicative of an alteration in the metal ion oxidation state and 
the subsequent formation of NPs (Zhang, Shen and Gurunathan, 2016). The 
apparent colour of NPs in solution is caused by the LSPR; the interaction between 
free electrons on the NP surface and the incoming electromagnetic field (Liz-
Marzán, 2004). The LSPR and subsequent apparent colour is not only highly 
dependent on NP size but also on the nature of metal, NP shape, surface chemistry, 
and aggregation state (Wiley et al., 2006). Visual confirmation of bacterial NP 
synthesis is thus the first point for characterization of metallic NPs. All 
experimental reactions showed a change in either colour or opacity, except for the 
Au-CFE reaction, as summarized in Table 4.1. The control reactions including: 
sdH2O and biomass, sdH2O and CFE, sdH2O and metal ions, as well as LB broth 
and metal ions, showed no colour change, as expected. 
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Table 4.1. Confirmation of nanoparticle synthesis based on visual inspection. 
Nanoparticle 
Biological 
reagent 
Visual traits 
Before treatment After treatment 
PbS 
Biomass Translucent, white Opaque, white precipitate 
CFE Clear, pale yellow Clearing, lightening 
Au Biomass 
Translucent, milky 
white-yellow Deep purple 
CFE Clear, pale yellow No change 
Ag 
Biomass Translucent, white Pale milky-yellow hue 
CFE Clear, pale yellow Yellow-brown 
 
4.1.1 Lead Sulphide Nanoparticles Biosynthesized by P. castaneae  
The production of a white precipitate in the PbS biomass reaction (inset of Figure 
4.1) suggests the bacterial synthesis of a high concentration of larger PbS NPs. The 
high density of these NPs as well as the weak forces between the NPs and the 
surrounding medium thus leads to the settling of NM at the bottom of the reaction 
flask (Liyanage et al., 2016).  These results are supported by the findings of Truong 
et al. (2011) in which large anisotropic PbS nanorods, nanobelts, nanovelvet-
flowers and dendritic nanostructures with similar attributes were chemically 
synthesized. The increase in transparency of the PbS-CFE solution seen in the inset 
of Figure 4.1 is a characteristic of the synthesis of smaller (<50 nm) PbS NPs which 
absorb light in the UV region of the spectrum; thus showing no visible colour 
change. In a study by Ogawa et al. (1997) the chemical synthesis of 1.2 nm – 10 
nm PbS NPs resulted in a clear and colourless solution. The changes in colour and 
opacity indicate that both the P. castaneae biomass and CFE could have 
successfully reduced metal ions to form metallic NPs.  
 
4.1.2 Gold Nanoparticles Biosynthesized by P. castaneae  
The colouration of a NP solution is dependent on many factors. For smaller  
(>30 nm) Au NPs, the LSPR causes an absorption of light in the blue-green region 
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of the spectrum (~450 nm) while light in the red regions of the spectrum (~700 nm) 
is reflected, yielding a rich red colour (Polte et al., 2010). As NP size increases, the 
SPR wavelength shifts to longer wavelength. Red light is then absorbed and blue-
purple light is reflected, yielding solutions with a deep purple colour (Paul et al., 
2015. As the particle size increases towards the bulk limit, SPR wavelengths move 
into the IR region and most visible light is reflected, causing a clear or translucent 
coloured NP solution (Dahanayaka et al., 2006). The dark purple colour of the Au 
NP biomass reaction was therefore indicative of larger particles that may have been 
polydisperse in nature (inset of Figure 4.2). Similar findings were reported when 
Thermus scotodoctus SA-01 was used for the bioreduction of Au3+ ions and yielded 
polydisperse Au NMs (Erasmus et al., 2014). Additionally, the purple colour of the 
Au-biomass NP solution could be as a result of the increased aggregation of smaller 
(<50 nm) Au NPs. To date, many morphologies of Au NPs have been 
bacteriologically produced, these include variably sized nanoplates, nanoprisms, 
nanorods, nanocubes as well as nanospheres (Murugan et al., 2014; Paul et al., 
2015)  
 
During particle aggregation, the effective particle shape, size, as well as dielectric 
environment also change, thus a change in the solution colour (Ghosh and Pal, 
2007). The localization of the NPs on the P. castaneae cell wall can lead to an 
apparent purple coloured solution. This can occur even though Au NPs of the same 
size, but not attached to the bacterial cell, would exhibit a red colour. When Au NPs 
are closely packed within and/or on the bacterial biomass, in close proximity and 
in high concentration, a similar effect and deep purple colour are displayed 
(Murugan et al., 2014). Au3+ reduction is known to be a complex multistep process 
that is highly dependent on the conditions and kinetics of reaction (Dey et al., 2010). 
The Au-CFE shown in the inset of Figure 4.2 did not result in a colour change. It is 
likely that the CFE did not have the necessary, or high enough concentrations of 
bioreductant constituents to allow for Au NP synthesis, as compared to those 
present in the biomass. Due to a lack of colour/opacity change in the Au-CFE 
solutions, no further analyses were performed on these reactions. 
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4.1.3 Silver Nanoparticles Biosynthesized by P. castaneae  
The yellow-brown colour changes (inset of Figure 4.3) observed in both the Ag-
biomass and Ag-CFE solutions are indicative of the bioreduction of Ag+ ions and 
the bacterial synthesis of Ag NPs (Gurunathan et al., 2009; Parikh et al., 2011). Ag 
NPs in solution display a yellow-brown colour due to a narrow LSPR absorbance 
band observable in the 350 nm – 600 nm regions (Hussain et al., 2011). A slight 
yellow hue in the Ag-biomass reaction as compared to the darker yellow-brown in 
the Ag-CFE reaction is consistent with the synthesis of a lower concentration of Ag 
NPs by the P. castaneae cells. If the bioreductants that are released into CFE by the 
bacteria are present in lower concentrations in the biomass reactions, the bacterial 
cells specifically, may not be able to efficiently reduce Ag+ ions to form Ag NPs. 
Furthermore, the antibacterial properties of Ag and Ag NPs have been elucidated 
(Suresh et al., 2010). The exposure of P. castaneae cells to Ag+ ions, at 
concentrations higher than the minimum inhibitory concentration (MIC), can thus 
lead to cell death and therefore decrease the production of the necessary 
bioreductants.  
 
The formation of NPs only forms a part of the Ag resistance mechanism 
demonstrated by bacteria (Taylor et al., 2016). Gupta and coworkers (1999) 
described the sil operon, which is the genetic and molecular driving force behind 
Ag resistance found in Salmonella typhimurium. This mechanism allows for the 
efflux of Ag+ ions into and out of the cells. The presence of such a mechanism in 
P. castaneae could then lead to the dual detoxification of Ag through metal efflux 
by the bacterial cells and also through NP formation by bioreductants excreted into 
the CFE. The constituents of the CFE and biomass of various microorganisms have 
been previously studied (Binupriya et al., 2010; Krishnan, Narayan and Chadha, 
2016). The differences in the presence or absence of protein/peptide, carbohydrates, 
lipids and DNA, in varying concentrations in both the biomass and CFE are 
substantial (Erasmus et al., 2014). The dissimilarity of constituents of the 
bioreductants used plays an important role not only in whether or not metal ions are 
reduced, but also in the shape, size and aggregation state of the biosynthesized NPs 
(Binupriya et al., 2010).  
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4.2 Nanoparticle Characterization 
4.2.1 Ultraviolet-visible (UV-Vis) Wavelength Scan 
After performing visual observations for colour change, the reaction solutions were 
subjected to UV-Vis spectroscopy measurements to determine the absorbance 
maxima of metallic NPs biosynthesized by P. castaneae.  
 
Lead Sulphide Nanoparticles Biosynthesized by P. castaneae  
PbS material in its bulk form exhibits absorption in the IR region of the 
electromagnetic spectrum with an onset at 3020 nm (Cao et al., 2006). Two distinct 
features were observed in the PbS NP UV-Vis spectra; well-defined peaks were 
centred at ~320 nm and ~550 nm, respectively (Figure 4.1). This suggests that the 
overall population of PbS nanoparticles was composed of polydispersed particles 
with a diverse range of distinct sizes and/or morphologies. This feature has been 
observed previously in biologically synthesized PbS NPs (Kowshik et al., 2002). 
The colour change and change in opacity (inset of Figure 4.1) are consistent with 
the LSPR peaks. 
 
 
 
Figure 4.1. UV-Vis absorbance spectrum of the PbS NPs synthesized by  
P. castaneae. The spectrum shows two distinct absorbance peak maxima at  
~320 nm and ~550 nm, respectively, after exposure to 1 mM metal ion precursors. 
Inset: Photograph of PbS-biomass and PbS-CFE reactions after 72 h of incubation.  
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Gold Nanoparticles Biosynthesized by P. castaneae  
Figure 4.2 shows the UV-Vis spectra of as-synthesized Au NPs displaying a broad 
LSPR band centred at ~ 595 nm. The red shift in the LSPR band, as compared to 
small spherical Au NPs (~525 nm for 18 nm NPs), indicates the polydisperse nature, 
increased size and/or increase in aggregation of the Au NPs (Ankamwar, 
Chaudhary and Sastry, 2005). This absorption maxima correlates with the deep 
purple colour observed in the Au-biomass reaction (inset of Figure 4.2) which is 
characteristic of large polydisperse Au NPs, as demonstrated by Paul et al. (2015).  
 
 
Figure 4.2. UV-Vis absorbance spectrum of the Au NPs synthesized by  
P. castaneae. The spectrum shows a distinct absorbance peak maxima at ~595 nm 
after exposure to 1 mM metal ion precursors. Inset: Photograph of Au-biomass and 
Au-CFE reactions after 72 h of incubation. 
 
Silver Nanoparticles Biosynthesized by P. castaneae  
In the UV-Vis spectra shown in Figure 4.3, Ag NPs showed a narrow LSPR band 
centred at ~440 nm, comparable to the LSPR shown in the work of Dhas et al. 
(2014). The shift to a higher wavelength indicates a sharp increase in size or overall 
surface roughness of the NPs (Verma et al., 2013). The position of the absorption 
edges is strongly shifted to higher energies. Relative to bulk material, the LSPR 
peaks of the as-synthesized Ag NPs is significantly blue shifted from the NIR into 
the visible and near-UV regions with decreasing particle size (Cao et al., 2006). 
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This indicates the great influence of quantum confinement of charge carriers on the 
NP surface (Wu and Ding, 2006). The peak shift is attributed to the transition from 
bulk material to NPs in the presence of the biomass/CFE (Dhas et al., 2014). The 
LSPR peak correlates with the colour change as shown in the inset of Figure 4.3. 
 
 
Figure 4.3. UV-Vis absorbance spectrum of the Ag NPs synthesized by  
P. castaneae. The spectrum shows distinct absorbance peak maxima at ~440 nm 
after exposure to 1 mM metal ion precursor. Inset: Photograph of Ag-biomass and 
Ag-CFE reactions after 72 h of incubation. 
 
According to Gans theory (Gans, 1915), polarizability, and therefore the LSPR 
wavelength, is highly dependent on both the size and shape of NPs (Eustis and El-
Sayed, 2006). When symmetry is broken, as illustrated in anisotropic NPs, a particle 
gains additional modes of plasmon resonance (Nehl and Hafner, 2008). The uneven 
surfaces of anisotropic NPs cause a red shift in the LSPR peaks and thus a larger 
enhancement of the electromagnetic field at the NP edge in comparison to that of 
the isotropic NPs (Wiley et al., 2006). As an example, nanorods are more easily 
polarized longitudinally, showing a LSPR peak of a higher wavelength and thus a 
lower energy. With an increasing aspect ratio of a nanorod, for a fixed diameter, 
only the transverse LSPR will be affected. Dong et al. (2006) demonstrated this 
phenomenon in the surfactant-assisted fabrication of PbS nanorods, nanobelts, 
nanoflowers as well as dendritic nanostructures.  
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4.2.2 Differential Interference Contrast (DIC) Microscopy and Fluorescence 
Microscopy (FM) 
DIC and FM (Figure 4.4) were used as preliminary tools to assess the presence of 
NMs before further study. The absorbance peak found in the UV-Vis analysis was 
used as the reference for the excitation wavelength in FM for all NPs. Although the 
absorbance peak for PbS NPs was measured at 325 nm, radiation within the UV 
range is known to destroy the structure of bacterial cells (Arrieta, Weinbauer and 
Herndl, 2000). The excitation wavelength was therefore adjusted to 375 nm to 
effectively avoid the antimicrobial effects of UV-B and -C light. This then 
maintained the integrity of the as-synthesized PbS NPs in the presence of the  
P. castaneae cells to evaluate any associations between them. Multiple rod-shaped 
bacteria with prominent morphological changes can be observed (white arrows in 
Figure 4.4a). Such changes are common in those of heavy metal-stressed bacterial 
cells. Either elongation or shortening of bacterial cells is observed (Nepple, Flynn 
and Bachofen, 1999). Even though morphological changes occur, as well as 
possible cell lysis, viable bacterial cells were still present. This was indicated by 
movement of motile cells though the use of light microscopy, brightfield 
microscopy and DIC. As seen under the light microscope, motile cells are identified 
through their consistent directional movement, as opposed to Brownian motion, 
which is visualized as a vibrational movement. P. castaneae has also been 
previously characterized to be a motile bacterium (Valverde et al., 2008).   
 
PbS NPs showed bright pink fluorescence when excited at this wavelength, as 
shown in Figure 4.4b. This is consistent with results from Srivastava and Kowshik 
(2017) who used these fluorescent properties for in situ bio-sensing applications. 
For Au and Ag NPs, excitation wavelengths of 550 nm and 450 nm were used, 
respectively (Figure 4.4e and 4.4h). Both Au and Ag NPs showed either gold or 
bright blue fluorescence respectively. He et al. (2008) demonstrated the high anti-
photobleaching capacity of fluorescent Au NPs under strong light illumination. 
Similar properties are demonstrated by Ag NPs which show fluorescent properties 
that are independent of size (Ashenfelter et al., 2015).  
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Figure 4.4. DIC, FM and DIC/FM overlay images showing the distribution of 
PbS, Au and Ag NPs in relation to P. castaneae cells or cell remnants. Images 
show the localization of NPs in the exterior environment in large clusters is clear 
after the exposure of metal ion precursors to P. castaneae cells for 72 h. 
Micrographs show the isolated channel for PbS, Au and Ag NP detection with 
excitations wavelengths of 375 nm, 550 nm and 450 nm respectively. DIC images 
of a) PbS, d) Au and g) Ag NPs. FM images of b) PbS, e) Au and h) Ag NPs. 
DIC/FM overlay images of c) PbS, f) Au and i) Ag NPs. Yellow arrows indicate 
the presence P. castaneae cells with a normal morphology, whereas white arrows 
indicate shrunken cells with distinct features of toxin-stress (Note: observable in 
the original image). The localization of NPs show their presence in large clumps 
either on the exterior of the cells or in close proximity to the cells.  
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4.2.3 Powder X-ray Diffraction (PXRD) and Energy-dispersive X-ray 
Spectroscopy (EDS) 
EDS provides an elemental analysis of metallic NPs and serves as a supplementary 
technique to verify the nature and composition of the NPs synthesized. This 
analysis was localized to a specific area on the surface of a metal NP when viewed 
under the electron microscope. Using PXRD analysis, the phase composition, phase 
structure and crystallinity of the lyophilized NP powder was obtained. Samples with 
different morphologies but identical composition will all exhibit the same EDS and 
XRD spectral patterns (Song et al., 2013). Therefore, only one EDS and XRD 
pattern is displayed per metal, respectively. 
 
Lead Sulphide Nanoparticles Biosynthesized by P. castaneae  
Figure 4.5 shows the EDS spectra of PbS NPs, which revealed a strong signal for 
Pb and S present in the sample. Weak signals for C, O and P are also found, which 
are attributed to the biological material present, as well as Ca, which was present in 
the sulphur precursor metal salt. Biologically synthesized PbS NPs have been 
shown to induce a strong signal peak around 2.4 keV (Zhou et al., 2009). 
 
 
Figure 4.5. EDS spectrum of PbS NPs synthesized by P. castaneae. The 
bacterially produced PbS NPs show a strong signal for Pb and S, while also 
displaying weak signals for Na, O, P, C and Ca. The weak signals are attributed to 
the presence of biological material.  
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As shown in Figure 4.6, all peaks can be readily indexed as the face-centred-cubic 
(fcc) PbS structure, in agreement with the literature standards (JCPDS card no. 5-
529) (Li et al., 2007). A large number of intense Bragg reflections are observed 
originating from the lyophilized PbS NP powder. The reflection peaks of {111}, 
{200}, {220}, {311}, {222}, {331} and {420} crystal planes were clearly 
distinguished. The presence of organic material from the bacterial cells and culture 
media resulted in an increase of background noise, widening of peaks as well as the 
occurrence of additional peaks. This has been previously reported for biologically 
synthesized PbS NPs (Kowshik et al., 2002; Seshadri, Saranya and Kowshik, 2011; 
Kaur et al., 2014).  
 
 
 
Figure 4.6. PXRD diffractogram of lyophilized powder of PbS NPs synthesized 
by P. castaneae. Intense reflection peaks for the {111}, {200}, {220}, {311}, 
{222}, {311} and {420} crystal planes are observed. The appearance of very broad 
peaks could be indicative of larger microstructures which have dimensions outside 
of the 1 nm – 100 nm range as well as the presence of biological material (Seshadri, 
Saranya and Kowshik, 2011).   
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Gold Nanoparticles Biosynthesized by P. castaneae  
The EDS spectra for Au NPs shows a strong signal for Au as well as Cu (originating 
from the Cu sample loading grid) as shown in Figure 4.7. Weak peaks for C and O 
represent the organic nature of biological material attached to the surface of Au 
NPs. 
 
 
Figure 4.7. EDS spectrum of Au NPs synthesized by P. castaneae. The 
biologically synthesized Au NPs show a strong signal for Au, while also displaying 
weak signals for O and C. The weak signals are attributed to the presence of 
biological material either in close proximity to the NPs or capping the NPs. Strong 
signals from Cu are also observed, attributed to the Cu sample loading grids. 
 
The XRD pattern in Figure 4.8 was obtained from the Au NP powder and 
corresponds to the fcc crystal structure of elemental gold. The XRD pattern exhibits 
five peaks corresponding to the {111}, {200}, {220}, {311} and {222} diffraction 
peaks of metal gold respectively (JCPDS Card No. 4-0783). The peak at 38.12° of 
2q was found to be at maximum which suggests the NPs are predominantly aligned 
towards the {111} facet, commonly reported for large 2-D anisotropic Au NMs 
(Fazal et al., 2014).  The presence of the purple colour in the reaction solution due 
to the SPR band at 595 nm as well as increased stabilization at the {111} facet is 
indicative of Au NPs with an anisotropic and polydispersed nature, as shown by 
Anuradha, Abbasi and Abbasi (2015). Also present are peaks of contamination that 
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are indexed to halite (JCPDS No. 05-0628). The halite (NaCl) rock salt, detected in 
the sample, precipitated out of solution during the lyophilization process. The NaCl 
ions originated from the culture media used for bacterial growth. The reflections 
shown represent the {100}, {200}, {220}, {222}, {400} and {420} reflection peaks 
of standard halite (Wahed et al., 2015). 
 
 
 
Figure 4.8. PXRD diffractogram of lyophilized powder of Au NPs synthesized 
by P. castaneae. Intense reflection peaks for the {111}, {200}, {220}, {311} and 
{222} crystal planes are observed. The observed peak broadening is indicative of 
crystalline material with nanometre dimensions. Contaminant peaks belonging to 
NaCl, which originated from the culture media, are also observed. Crystallization 
of NaCl occurred during the lyophilization process. 
 
Silver Nanoparticles Biosynthesized by P. castaneae  
The EDS analysis for biological Ag NPs is shown in Figure 4.9, which confirms 
the occurrence of Ag NPs. A strong signal for Ag and Cl are shown. Peaks from 
common contaminants (Si and Cd) are also observed. This is consistent with other 
biologically synthesized NPs that are silver in nature (Dhas et al., 2014; Kumar et 
al., 2016).   
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Figure 4.9. EDS spectrum of Ag NPs synthesized by P. castaneae. The biological 
Ag NPs show a strong signal for Ag, while also displaying weaker signals for Cl 
and C. The weak signals are attributed to the presence of biological material either 
in close proximity to the NPs or capping the NPs. Strong signals from Cu are also 
observed, and attributed to the Cu sample loading grids. 
 
Figure 4.10 shows the XRD pattern of the as-prepared Ag NPs. Reflection peaks 
matched well with the standard reflection peaks of metallic silver in the {111}, 
{200} and {220} planes of the fcc structure (JCPDS file: 65-2871). These peaks 
coexist with those of the AgCl standards; corresponding to the {111}, {200}, 
{220}, {311}, {222}, {400}, {331}, {420}, and {422} planes of the cubic phase of 
AgCl (JCPDS file: 31-1238). Cl- ions are likely to have originated from the culture 
media used, thus the formation of both Ag and AgCl NPs. It is unclear whether 
metal alloys, individual metallic NPs or combinations of these were formed. The 
broadening of peaks indicates the nano-sized nature of all NP samples (Fazal et al., 
2014). The biological synthesis of Ag/AgCl NPs is common, although not well 
explained (Dhas et al., 2014; Hu et al., 2009; Kumar et al., 2016). Using B. subtilis, 
Paulkumar et al. (2013) showed the synthesis of polydisperse AgCl NPs ranging 
from 20 nm – 60 nm; this without the addition of Cl- ions. The enzyme responsible 
for reduction of Ag+ ions was hypothesized to be a membrane bound 37 kDa nitrate 
reduction enzyme.  
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Figure 4.10. PXRD diffractogram of lyophilized powder of Ag/AgCl NPs 
synthesized by P. castaneae. Intense reflection peaks for the {111}, {200}, {220}, 
{311} and {222} crystal planes indexed to AgCl are observed. The observed peak 
broadening is indicative of crystalline material with nm dimensions. Reflection 
peaks for {111}, {200} and {311} crystal planes indexed to Ag are also present. 
This indicates the synthesis of a mixed population of Ag and AgCl NPs. 
 
4.2.4 Scanning Electron Microscopy (SEM) and Transmission Electron 
Microscopy (TEM) Analysis 
Lead Sulphide Nanoparticles from P. castaneae Cell-free Extract 
When the CFE of P. castaneae was used to synthesize PbS NPs, a general 
uniformity in spherical particle structure and morphology was observed using 
electron microscopy. Figure 4.11 shows a well-defined porous network of globular 
aggregates. These aggregates appear similar through-out, suggesting uniformity in 
particle dimensions in terms of shape and size. The close packing of NPs as well as 
drying effects and uneven surface covering during sputter coating, originating from 
sample preparation, can result in the appearance of apparent non-spherical NPs, as 
indicated by the yellow arrows in Figure 4.11 (Patel, Mighri and Ajji, 2012). 
Although unlikely, the pre-existing spherical particles under the stress of high 
energy electron beam can also act as nucleating agents for the initial growth of non-
spherical NPs (Chen, Palmer and Wilcoxon., 2006).  
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Figure 4.11. SEM micrograph of P. castaneae CFE-synthesized PbS NPs. The 
micrograph shows the close-packing of spherical PbS NPs synthesized after the 
exposure of P. castaneae CFE to Pb and S metal ion precursor solutions for 72 h. 
Yellow arrows indicate the appearance of apparent non-spherical PbS NPs, likely 
present due to sample preparation effects. 
 
In the TEM micrograph, non-aggregated spherical PbS NPs ranging from 4 nm – 
22 nm in diameter are observed (Figure 4.12). The PbS NPs show considerable 
contrast in surface characteristics (inset of Figure 4.12). Twinning across multiple 
planes suggests the synthesis of NPs with a decahedral penta-twinned crystal 
structure. This results in a three-dimensional quasi-spherical shape with highly 
truncated edges. The level of truncation and inherent shape is dependent on the 
concentration and nature of both the precursor metal ions as well as of the 
surfactant/capping agent (Zhang et al., 2010).  The twinned morphology suggests 
the preferential binding of presumptive biological capping agents onto the surface 
of the PbS NPs.   
500 nm 
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Figure 4.12. TEM micrograph of P. castaneae CFE-synthesized PbS NPs. The 
micrograph shows well-dispersed spherical PbS NPs synthesized after the exposure 
of P. castaneae CFE to Pb and S metal ion precursor solutions for 72 h. Inset: A 
high magnification TEM micrograph of a PbS NP with a decahedral penta-twinned 
crystal structure. White arrows indicate twinning planes in which the directionality 
of the crystal lattice changes. Scale bar represents 10 nm. 
 
As compared to SEM micrographs, well-dispersed PbS NPs are present in TEM 
micrographs. This is due to a lack of sample preparation required for this technique. 
Using the ImageJ particle analysis tool (Schneider, Rasband and Eliceiri, 2012), a 
narrow size distribution of 12 nm ± 2 nm was calculated (Figure 4.13a). The high 
magnification TEM image of spherical PbS NPs (Figure 4.13b) shows dark halos 
surrounding the electron-dense PbS NP core. These halos represent presumptive 
biomolecules which are excreted into the CFE by P. castaneae and involved in the 
stabilization/capping of the PbS NPs. Protein-capped Ag NPs synthesized by Jain 
et al. (2015) using Aspergillus sp. NJP02 showed a similar core-shell appearance. 
These results are consistent with the narrow LSPR band shown in the UV spectra 
as well as the colour and opacity changes upon visual inspection, definitively 
confirming PbS NP formation. 
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Figure 4.13. Size distribution graph and TEM micrograph of P. castaneae 
CFE-synthesized PbS NPs. a) Size distribution histogram of PbS NPs showing an 
average size of 12 nm ± 2 nm, calculated using ImageJ particle analysis tool 
(Schneider, Rasband and Eliceiri, 2012). b) High magnification TEM micrograph 
of 30 nm – 40 nm spherical PbS NPs synthesized after the exposure of P. castaneae 
CFE to Pb and S metal ion precursor solutions for 72 h. The NPs are surrounded by 
presumptive biological capping molecules. Yellow arrows indicate the  
10 nm – 15 nm layer of biomolecules surrounding the NPs.  
b) 
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Lead Sulphide Nanoparticles from P. castaneae Cell Biomass 
The particle structure and morphology of the PbS NPs synthesized by the  
P. castaneae biomass were analysed using SEM and TEM. Distinct changes in cell 
morphology and surface characteristics were observed in metal-exposed cells when 
compared to that of unexposed cells. P. castaneae biomass which was not exposed 
to metal ions show a creased and corrugated cell surface (Figure 4.14). Untreated 
cells show no signs of cell damage or lysis. The ‘rough’ surface characteristics are 
consistent with the high-energy electron beam used as well as dehydration during 
the fixation process (Patel, Mighri and Ajji, 2012). 
 
  
 
Figure 4.14. SEM micrograph of P. castaneae cells before exposure to PbS 
metal ion precursors. P. castaneae cells before exposure to metal ion precursors 
show no signs of cell damage or lysis but do show a creased cell surface due to the 
effects of the dehydration that occurred during sample preparation. Cells were 
incubated without metal ion precursors for 72 h.  
 
Upon exposure to PbS precursors ions, the bacterial cell surface becomes rough, 
uneven and pitted. Large clusters of spherical PbS NPs on the surface of cells is 
5 µm 
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shown in Figure 4.15. The granular appearance indicates the presence of individual 
NPs which are superimposed to form larger clusters. PbS NP clusters are possibly 
formed intracellularly within vesicles or on the cell surface within the periplasmic 
space. The damaging effects of heavy-metal ions are also apparent (Thakkar, 
Mhatre and Parikh, 2010). These include multiple invaginations, membrane 
blebbing and cell shrinkage; leading to possible cell lysis (white arrows). 
 
 
 
Figure 4.15. SEM micrographs of P. castaneae cells after exposure to Pb and 
S metal ion precursors. P. castaneae cells after the exposure of P. castaneae 
biomass to Pb and S metal ion precursor solutions for 72 h, show the synthesis of 
clusters of small (4 nm – 20 nm) spherical PbS NPs (yellow arrow) as well as many 
signs of cell damage. This includes cell shrinkage, blebbing and cell wall 
invagination (white arrows). 
 
Multiples sizes, shapes and morphologies are produced through the exposure of the 
biomass to PbS metal ions in solution. These include filamentous nanoflowers with 
core sizes of ~1.5 µm and filaments with an approximate diameter of 60 nm (white 
arrows) and aspect ratios of length/diameter between 2 and 10 (Figure 4.16). Also 
0.5 µm 
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visible are 80 nm – 150 nm truncated nanorods (yellow arrows) with aspect ratios 
between 5 and 12. 
 
 
 
Figure 4.16. SEM micrograph of anisotropic PbS nanoflowers and nanorods 
synthesized by P. castaneae biomass. Filamentous nanoflowers with core 
diameters of ~1.5 µm with filaments extending radially. Smaller (~60 nm) 
nanofilaments (white arrows) can be observed alongside larger (80 nm – 150 nm) 
nanorods (yellow arrow) in large clumps. These NMs were produced extracellularly 
after the exposure of cell biomass to Pb and S metal ion precursor solution.  
 
Clusters of truncated and/or rounded penta-twinned nanorods of 80 nm – 150 nm 
were also produced in large clusters (Figure 4.17). Quantum dot-sized (2 - 18 nm) 
spherical NPs are also shown to coat the surface of the nanorods (inset of Figure 
4.17). Whether the spherical NPs were formed on the surface of the nanorods or 
within solution and deposited onto the surface is unclear. Although ZnO and Te 
nanorods have been synthesized extracellularly by the fungus Fusarium solani 
(Venkatesh et al., 2013) and Pseudomonas pseudoalcaligenes (Forootanfar et al., 
2 µm 
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2015) respectively, published literature on the microbial synthesis of nanorods is 
limited. The exact mechanisms of nanorod biosynthesis are not yet known.   
 
 
 
Figure 4.17. SEM micrographs of anisotropic PbS NMs synthesized by  
P. castaneae biomass. A large cluster of truncated and/or rounded penta-twinned 
PbS nanorods covered in PbS quantum dots (2 - 18 nm) NPs (yellow arrow in inset) 
were synthesized by the P. castaneae biomass after exposure to Pb and S metal ion 
precursor solutions for 72 h. Scale bar in inset represents 100 nm.  
  
Figure 4.18 shows low magnification SEM image of anisotropic PbS NPs. The 
close association between bacterial cells and nanorods is demonstrated wherein 
lysed bacterial cells cover large (10 µm) mounds of PbS NM. Cell lysis is possibly 
observed due to the exposure to concentrations of metal ions at higher than the MIC. 
Nanorods between 20 nm – 90 nm with aspect ratios range between 10 and 30 are 
observed. NMs with these aspect ratios have often been referred to as nanowires 
(Zhang et al., 2005a). PbS nanowires have until now only been produced 
chemically and have shown implications for use in gate-tunable superconducting 
quantum interference devices (SQUIDs) (Kim et al., 2016). 
1 µm 
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Figure 4.18. SEM micrograph of PbS nanorods and nanowires synthesized by  
P. castaneae biomass. Damaged P. castaneae cells (yellow arrows) in close 
association with large mounds of PbS nanorods and nanowires. NM materials was 
produced on the exterior of cells after exposure to Pb and S metal ion precursor 
solutions for 72 h. 
 
Figure 4.19 shows well-defined 5-fold twinned pentagonal nanorods. These 
nanorods are clustered tightly together to form porous structures which are often 
covered in bacteria or bacterial artefacts. Three types of 1-D PbS NMs are observed; 
these include rod-shaped prisms with either (i) irregular pentagonal, (ii) 
quadrilateral or (iii) hexagonal cross-sections. In the present study, the length of the 
longest nanorods reached ~5 µm with varying aspect ratios of between 4 and 8. The 
longest nanowires reached ~6 µm with varying aspect ratios between 10 and 40. 
The well-defined geometry of the nanorods suggests the highly preferential binding 
of presumptive biomolecules to the NP surface, stabilizing the morphology. 
5 µm 
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Figure 4.19. SEM micrograph of well-defined PbS nanorods synthesized by  
P. castaneae biomass. Nanorods showing sharp edges and definite geometries with 
variable sizes and aspect ratios. Well-defined 5-fold twinned pentagonal nanorods 
(white arrow) that form a porous network are shown surrounded by bacterial cell 
remnants/artefacts (yellow arrows). Broken edges are likely due to the high force 
used in centrifugation during sample preparation.  
 
P. castaneae cells, under TEM analysis, that have not been exposed to heavy-metal 
ions show no signs of cell damage or lysis (Figure 4.20). Biological material is 
represented by light greyed electron dense areas under TEM (white arrows). The 
double membraned structures found in the image represent the holey carbon-coated 
copper TEM grid onto which the as-synthesized samples were loaded (yellow 
arrows).   
 
500 nm 
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Figure 4.20. TEM micrograph of P. castaneae cells before exposure to Pb and 
S metal ion precursors. P. castaneae cells were incubated without metal ion 
precursors for 72 h and show no signs of cell damage or lysis (white arrows). 
Yellow arrows represent the holey carbon-coated copper TEM grid onto which the 
as-synthesized samples were loaded. 
 
In contrast, cells that have been exposed to heavy-metal ions shown a considerably 
more electron dense area at the cell surface. The increase in opacity is indicative of 
the presence of heavy metals (Williams, Aderhold and Edyvean, 1998). The TEM 
micrograph shows the polydisperse nature of PbS NPs synthesized by P. castaneae 
cells; as opposed to the monodisperse nature of NPs synthesized by the CFE. 
Various anisotropic PbS NPs are shown in clusters surrounding, within and/or on 
the surface of the bacterial cells (Figure 4.21). The origin of larger (~80 nm) 
spherical NPs and nanorods is shown to be the bacterial cell surface (inset of Figure 
4.21). The accumulation of NPs on the cell surface is also indicative of synthesis 
that occurs on the cell surface by periplasmic enzymes within the membrane. This 
has been demonstrated by Lin, Lok and Che (2014) using the nitrate reductase  
c-type cytochrome subunit NapC. NPs are found in higher concentration within 
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electron-dense areas that are likely to be extracellular polymeric substance (EPS), 
indicated by the red arrows in Figure 4.21.  
 
 
 
Figure 4.21. TEM micrographs of P. castaneae cells after exposure to Pb and 
S metal ion precursors. Bacterial cells covered in differently shaped and sized PbS 
NPs. Nanorods (white arrow) and nanospheres (yellow arrow) are shown to 
completely cover the bacterial cell surface. Also shown are aggregates of multiple-
morphology NPs within an electron-dense area likely to be EPS (red arrows). Inset: 
high magnification image of bacterial cells with nanorods (white arrow) and 
nanospheres (yellow arrow) protruding from the cell surface. Scale bar represents 
200 nm. 
 
Figure 4.22 represents a low magnification TEM image of biologically synthesized 
filamentous nanoflowers. The nanoflowers are composed of a large number of 
nano- and microfilaments that extend radially from the core to form a rock crystal-
like structure. The length of the filaments ranges between 40 nm and 80 nm for 
nanofilaments, and between 150 nm and 1.5 µm for microfilaments. According to 
Dong et al. (2006), PbS nanoflowers are formed through the crossing of bundles of 
nano- and microfilaments as well as nanospheres.  
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Figure 4.22. Low magnification TEM micrograph of P. castaneae biomass-
synthesized PbS nanoflowers. Filamentous and sheet-like PbS nanoflowers 
composed and multiple nano- and microfilaments. are shown to be extracellularly 
produced after the exposure of cell biomass to Pb and S metal ion precursors for  
72 h.  
 
The presence of spherical PbS NPs is also seen in close proximity to the fibrous 
ends of the nanoflower (Figure 4.23). This suggests the attachment of spherical NPs 
to each other through Ostwald ripening to form larger porous microstructures. 
However, without a time-based study to elucidate the formation of these 
nanoflowers it is not possible to definitively confirm whether the quantum dots are 
part of the formation process or merely synthesized in solution and are in close 
proximity to the nanoflowers. The formation of large filamentous nanostructures is 
highly dependent on the presence, concentration and preferential binding of 
capping agents. The use of oleic acid and CTAB as surfactants and a change of 
reactions conditions during chemical synthesis have been used to produce similar 
anisotropic PbS NPs (Dong et al., 2006; Wang et al., 2011). 
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Figure 4.23. High magnification TEM micrograph of P. castaneae biomass-
synthesized PbS nanoflowers and quantum dots. Fibrous edges of PbS 
nanoflowers which are in close proximity to PbS quantum dots. The formation of 
nanoflowers could occur through the Ostwald ripening of smaller quantum dots 
which redissolve into solution to be deposited onto the surface of the nanoflowers.  
 
The low magnification TEM micrograph in Figure 4.24 shows the presence of 
quasi-spherical NPs on the surface of P. castaneae cells as well as NPs that have 
been extruded into the extracellular environment. The NPs are seen covering the 
holey carbon layer with diameters ranging between 20 nm – 50 nm. Larger NPs are 
found both on the cell surface and intracellularly while smaller (~15 nm) NPs are 
only found in the extracellular environment (yellow arrows in Figure 4.24). The 
polydispersed nature of the larger (~80 nm) NPs can be seen as well as the complete 
covering of P. castaneae cells by quasi-spherical PbS NPs. El-Shanshoury et al. 
(2012) used Bacillus anthracis PS2010 in the extracellular synthesis of similar 
spherical PbS NPs. This research also demonstrated the direct correlation between 
the amount of EPS produced and the amount of metal which was deposited within 
the EPS (El-Shanshoury et al., 2012). At higher magnification, many PbS quantum 
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dots (3 nm – 18 nm) NPs are also seen coating the surface of the holey carbon grid 
(inset of Figure 4.24). 
 
 
 
Figure 4.24. Low and high magnification TEM micrographs of P. castaneae 
biomass-synthesized spherical PbS NPs. P. castaneae cells are covered in 
multiple large amorphously shaped and near-spherical PbS NPs. Smaller NPs are 
localized in an electron-dense area presumed to be EPS (yellow arrows). Inset: High 
magnification TEM image showing the polydispersed nature of large PbS NPs on 
the bacterial cell surface as well as smaller PbS quantum dots in the exterior 
environment.  Scale bar represents 200 nm. 
 
The distinct localization of NPs with different sizes and morphologies provides 
evidence for a different mechanism of synthesis for the different types of PbS NPs. 
Smaller NPs are either synthesized and released extracellularly or synthesized 
extracellularly by the same bioreductants found in the CFE. The extracellular layer 
of biomolecules, are presumably EPS that are composed of polysaccharides, 
proteins, lipids and genetic material. EPS is represented as a more electron dense 
“gel-like” area covering the holey carbon substrate that is visibly saturated with 
variously sized and shaped PbS NPs (Figure 4.25). The inset of Figure 4.25 shows 
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a high magnification micrograph of PbS NPs within the EPS. These include 
quantum gots with diameters between 3 nm – 10 nm with aspect ratios between 3 
and 20, quantum rods and nanorods between 18 nm – 37 nm with similar aspect 
ratios. Quasi-spherical quantum dots with particles sized between 2 nm – 15 nm, as 
well as various irregularly shaped nanoprisms with sizes between 20 nm – 80 nm 
were also produced. 
 
 
 
Figure 4.25. Low and high magnification TEM micrographs of P. castaneae 
biomass-synthesized isotropic and anisotropic PbS NPs. Differently sized PbS 
nanorods and nanospheres aggregated within the presumed EPS layer (yellow 
arrow) after 72 h of incubation with Pb and S metal ion precursors. Inset: High 
magnification TEM image of PbS quantum rods, nanorods, amorphously-shaped 
NPs and nanospheres with the presumed EPS layer. Scale bar represents 40 nm. 
 
All the constituents of the bacterial EPS are known to be involved in the 
bioreduction and stabilization of metal NPs by bacteria (Kang, Alvarez and Zhu, 
2013; Li et al., 2016; Raj et al., 2016). Many other Paenibacillus species have been 
shown to produce increased amounts of EPS (Pal and Paul, 2008). P. polymyxa 
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(Prado Acosta et al., 2005) and P. jamilae (Morillo et al., 2006) are known to 
produce EPS that shows a strong binding affinity towards heavy metals. 
Anisotropic PbS NPs could either be dispersed within the EPS and/or synthesized 
within the EPS. 
 
The synthesis of larger NPs only at the cell surface or within the cell to later be 
transported to the cell surface suggests that the concentrations of precursors and 
capping agents are found in a higher concentration at this localization. 
Concentrations are much lower in the extracellular environment and thus the 
production of smaller sized NPs. This mechanism was first proposed by Beveridge 
and Fyfe (1985) in their investigation of metal mineralization by bacteria. A two-
step mechanism was shown involving anionic sites on the cell wall that, through 
electrostatic interactions, acted as sites for nucleation. Consequently, this led to the 
metal reduction and precipitation of nanoscale crystals within and on the cell wall.  
 
In the crystalline equivalent of PbS systems, Cho et al. (2005) discovered that 
truncated PbSE ~10 nm nanocubes are formed through the evolution of ~5 nm 
cuboctahedrons. Further investigation suggested that the {110} facets are more 
highly reactive and as such, are preferentially consumed in order to satisfy the 
lowest thermodynamic energy required. This results in growth perpendicular to the 
{111} facets. Similarly, the as-synthesized PbS nanorods show growth in the same 
direction and stabilization of the same facets. The SEM/TEM analysis of PbS NPs 
are in agreement with the strong absorption peaks in the NIR range observed for 
the CFE and biomass-prepared PbS NPs. These peaks are thefefore due to the 
formation of highly anisotropic NMs and not due to the self-assembly or packing 
of quasi-spherical NPs as demonstrated by Ankamwar, Chaudhary and Sastry 
(2005). 
 
Gold Nanoparticles from P. castaneae Cell Biomass 
Figure 4.26 shows a SEM micrograph of spherical Au NPs of various sizes arranged 
in clusters on the surface of a larger nanotriangle synthesized by the  
P. castaneae biomass. Individual NPs have diameters of 15 nm – 30 nm with 
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clusters ranging from 30 nm – 600 nm. Larger clusters (150 nm- 250 nm) of Au 
NPs are known as soft particle aggregates and have been implicated in the formation 
of large anisotropic Au NMs (Shankar et al., 2004). A truncated nanotriangle (white 
arrow) as well as a larger nanotriangle folding over clusters of Au NPs (red arrows) 
are visible. The presence of truncated or snipped-edged nanotriangle is owed to the 
very thin dimensions of these 2-D NMs (Verma et al., 2013).  
 
 
 
Figure 4.26. High magnification SEM micrograph of multiple Au NPs 
synthesized by P. castaneae biomass. Clusters of ~15 nm Au nanospheres 
covering the surface of a larger nanotriangle. A soft nanoparticle cluster (yellow 
arrow) can be observed. Smaller truncated nanotriangles, covered in small clusters 
are shown (white arrow). The propensity of large nanoplates to bend due to their 
extremely thin dimensions is observed as the nanoplates fold and contort over 
smaller clusters (red arrows). Production of anisotropic Au NPs occurred after the 
72 h incubation of cell biomass with Au ion precursor in solution.  
 
The polydisperse nature of Au NPs is illustrated in Figure 4.27 with the presence 
of >5 µm nanoplates including nanotriangles, nanohexagons and nanotrapezoids 
(white arrows) in close association with P. castaneae cells (yellow arrows). The 
5 µm 
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synthesis of 2-D Au NM is proposed to involve the rapid reduction of Au3+ ions 
and the room-temperature sintering of 'liquid-like' (soft aggregates) spherical Au 
NPs (Shankar et al., 2004). Regardless of the horizontal and vertical lengths, the 
thickness of the Au nanoplates does not exceed 50 nm. The reorganization of Au 
atoms and soft NP aggregates, to form the most thermodynamically stable shape, is 
responsible for the limitation in thickness (Ha, Koo and Chung, 2007). 
 
 
 
Figure 4.27. Low magnification SEM micrograph of multiple Au NPs 
synthesized by P. castaneae biomass. Large anisotropic Au nanoplates (white 
arrow) are shown covered by a high concentration of P. castaneae cells (yellow 
arrow). Production of anisotropic Au NPs occurred after the 72 h incubation of cell 
biomass with Au ion precursor in solution. 
 
Figure 4.28 displays several stacked large nanoplates as well as multiple irregularly 
shaped nanoprisms (50 nm – 600 nm) covered in ‘fluid-like’ organic matter, cell 
remnants and/or EPS. The susceptibility of the Au nanoplates to bend is also 
demonstrated. Erasmus et al. (2014) demonstrated the ability of the ABC 
transporter, peptide binding protein from Thermus scotoductus SA-01, to reduce 
20 µm 
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Au3+ ions to yield a high percentage of thin, flat, single-crystalline Au 
nanotriangles. This research showed that varying the concentration of the Au ion 
precursor can produce similar anisotropic Au NPs of various shapes and sizes.  
 
 
 
Figure 4.28. SEM micrographs of polydisperse Au NMs produced by  
P. castaneae cell biomass. Stacked Au nanohexagons covered by multiple 
irregularly shaped Au nanoprisms. Fluid-like organic material (yellow arrows) 
surrounds much of the NM. The propensity of Au nanoplates to bend and contort 
under stress is shown by the white arrows. Yellow scale bar represents 40 nm. 
Production of anisotropic Au NPs occurred after the 72 h incubation of cell biomass 
with Au ion precursor in solution. 
 
Various other 2-D and 3-D Au NMs were also produced by P. castaneae cells 
(Figure 4.29). Pentagonal and hexagonal nanoprisms with definite and truncated 
edges are shown in the inset Figure 4.29. Although 2-D nanoplates have frequently 
been biologically synthesized (Erasmus et al., 2014; He et al., 2007; Varia et al., 
2016), the bacterial synthesis of 3-D nanoprisms of this nature and size have not 
yet been reported in literature. Large nanoprisms have however been produced 
using plant extracts (Shankar et al., 2004), fungal extracts (Goswami and Ghosh, 
2 µm 
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2013) and chemical reduction using 3-butenoic acid (Casado-Rodriguez et al., 
2016).  
 
 
 
Figure 4.29. Low and high magnification SEM micrographs of polydisperse 
Au NMs produced by P. castaneae cell biomass. Variously shaped and sized 1-
D, 2-D and 3-D Au NMs in close association with each other. Inset: 3-D Pentagonal 
Au nanoprisms in close association with other Au NMs. Production of anisotropic 
Au NPs occurred after the 72 h incubation of cell biomass with Au ion precursor in 
solution. 
 
Figure 4.30 shows a TEM micrograph of penta-twinned and spherical Au NPs that 
originate from within the bacterial cell surface. Distinct differences in the 
nanoparticle shapes are evident, even though they all originate from within the cell 
and are in close proximity. This suggests the binding of presumptive biomolecules 
to the NP surface occurs on an atom-by-atom level. These Au NP chains are 
comparable to the Fe3O4 NPs produced by magnetotactic bacteria within their 
highly specialized magnetosome organelles (Yan et al., 2012). The mechanism of 
formation is a highly complex process that involves multiple discrete steps; 
1 µm 
2 µm 
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including vesicle formation, Fe uptake and transport, and biologically controlled 
mineralization to form NPs (Bazylinski and Schübbe, 2007).  
 
 
 
Figure 4.30. TEM micrographs of P. castaneae biomass-synthesized Au NPs of 
distinct morphologies. A chain of spherical (white arrow) and penta-twinned (red 
arrow) Au NPs within the cell surface of a P. castaneae cell. Production of the Au 
NPs occurred after the incubation of cell biomass with Au ion precursor in solution 
for 72 h. Inset: Spherical Au NP in the process of being extruded into the 
extracellular environment. The covering of the NP by the cell wall in evident in the 
grey electron dense area surrounding the NP (yellow arrows). 
 
Nanoanisotropes are also shown to be coated with presumptive biomolecules 
(Figure 4.31). These biomolecules are hypothesized to be involved in both the 
reduction and capping of the Au NMs. A Fourier Transform InfraRed (FTIR) 
spectroscopy analysis of the biomolecules associated with Au NPs by Murugan et 
al. (2014), indicated the presence of proteins and/or peptides which were shown to 
be responsible for the stabilization of the Au NPs. The high magnification TEM 
micrograph (inset of Figure 4.31) shows the uneven surface coating of Au NPs by 
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biomolecules from P. castaneae. The diameter of the coating varies between 
0.5 nm – 3.5 nm. 
 
 
 
Figure 4.31. High magnification TEM micrographs of P. castaneae biomass-
synthesized Au NPs covered in biomolecules. The surface of a Au nanotriangle 
showing surface coatings by presumptive bacterially-derived biomolecules (yellow 
arrow). Inset: High magnification TEM micrograph showing the uneven surface 
coating of a 0.5 nm – 3.5 nm layer of presumptive biomolecules (yellow arrow). 
Scale bar represents 10 nm.  
 
The TEM micrograph in Figure 4.32 shows the polydisperse nature as well as both 
the smooth and rough surface morphology of Au NPs synthesized by P. castaneae. 
Multiple 1-D, 2-D and 3-D Au NMs are shown in close association with each other; 
2 µm truncated nanotriangles are shown covered in smaller nanotriangles as well 
as nanohexagons, nanoprisms and nanospheres. The production of polydispersed 
Au NPs is a common characteristic of biologically synthesized Au NMs.  These 
results are consistent with those of other biologically synthesized Au NPs 
(Ankamwar, Chaudhary and Sastry, 2005; Murugan et al., 2014; Paul et al., 2015; 
Chapter 4  Results and Discussion 
 
 80 
Varia et al., 2016; Verma et al., 2013; Zhang, Shen and Gurunathan, 2016). The 
polydisperse nature of biologically synthesized Au NPs is owed to the availability 
of contrasting bioreductants as well as stabilizing biomolecules in various 
concentrations. These can therefore use a diverse range of different multi-step 
mechanisms (Erasmus et al., 2014).  
 
 
 
Figure 4.32. TEM micrograph of polydisperse Au NM produced by  
P. castaneae cell biomass. Multiple anisotropic Au NPs in close association. 
Production of anisotropic Au NPs occurred after the 72 h incubation of cell biomass 
with Au ion precursor in solution. A single bacterial cell (yellow arrow) with a 
truncated Au nanotriangle either within or on the surface of the cell can be observed.   
 
Figure 4.33 represents side-by-side TEM micrographs taken at 0° and 20° angles 
showing the ~30 nm thickness of Au nanotriangles. The Au NPs are shown 
protruding through the surface of P. castaneae cells; either biosynthesized at the 
site of protrusion or biosorbed onto the bacterial cell surface.  
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Figure 4.33. TEM micrographs of polydisperse Au NM produced by  
P. castaneae cell biomass showing nanoplates thickness. Side-by-side TEM 
micrographs of Au NPs taken at 0° and 20° angles, respectively. Yellow scale bar 
represents 45 nm. 
 
Figure 4.34 shows a low magnification TEM micrographs of Au NP aggregates. 
Aggregates are composed of 10 nm – 20 nm quasi-spherical Au NPs surrounded by 
a dense layer of P. castaneae-derived biomolecules. These aggregates have 
previously been described as nanoperiwinkles (Jena and Raj, 2007) or soft NP 
aggregates (Shankar et al., 2004). These NP clusters are hypothesized to form using 
a different mechanism compared to that of the spherical NPs and are generally 
considered to be the initial form in the production of Au nanoplates (Li and Shi, 
2005). Agglomeration of Au NP aggregates and the preferential binding of 
biomolecules to the {111} facets thus leads to perpendicular growth of Au 
nanoplates (Zhou et al., 2015).  
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Figure 4.34. Low magnification TEM micrograph of Au NP aggregates 
produced by P. castaneae cell biomass. Low magnification images of soft NP 
aggregates or nanoperiwinkles on a layer of presumptive EPS (yellow arrow). 
Aggregates are composed of 10 nm – 20 nm quasi-spherical Au NPs. 
 
Kerr and Yan (2016) demonstrated the importance of reactions conditions in the 
synthesis of Au nanotriangles. The effects of temperature, order and manner of 
addition of reducing agent, and ratio of metal ion precursor to reducing agent were 
shown to be extremely important. Figure 4.35 shows the high magnification TEM 
micrograph of Au NP soft aggregates. The shape and morphology are similar to 
previously reported aggregates, deemed as the initial starting point for Au 
nanoanisotrope synthesis (Kerr and Yan, 2016). 
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Figure 4.35. High magnification TEM micrograph of Au NP aggregates 
produced by P. castaneae cell biomass. High magnification images of soft NP 
aggregates or nanoperiwinkles on a layer of presumptive EPS. Aggregates are 
composed of 10 nm – 20 nm quasi-spherical Au NPs. 
 
It is proposed that Au3+ ions bind to biomass through functional groups on the cell 
wall peptides or proteins which carry a more positive charge (Sanghi and Verma, 
2010). Tight binding to non-reducing molecules therefore weakens the reducing 
power of the bioreductants. This allows the ions to get closer to the binding sites 
causing the reduction rate to be decreased. A slow reduction rate directly 
contributes to the formation of anisotropic Au NMs whereas fast reduction leads to 
spherical NPs (Varia et al., 2016). Also implicated is the concentration and nature 
of the precursor ions, as well as capping or stabilizing agents, in this case proposed 
as biomolecules from P. castaneae.  The fact that the resulting Au NPs synthesized 
by P. castaneae are stable for very long periods of time despite the absence of any 
additives, indicates that the particles are electrostatically stabilized. 
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Silver/Silver Chloride Nanoparticles from P. castaneae Cell-free Extract 
Ag/AgCl NPs produced from the CFE tended more towards monodispersity than 
other metal NPs synthesized by P. castaneae. The high magnification SEM 
micrograph in Figure 4.36 shows large clumps of spherical Ag/AgCl NPs. Close-
packing from drying effects in sample preparation for SEM analysis of Ag/AgCl 
NPs produced aggregates with granular appearance made up of many spherical NPs 
ranging between 15 nm and 25 nm.  These results are consistent with the narrow 
absorption band of ~440 nm as well as the broadening of Bragg reflections in the 
PXRD analysis. Kumar et al. (2016) showed the synthesis of a mixture of Ag and 
AgCl NPs, synthesized through the use of an extract from needles of Pinus 
densiflora, with an absorption band of ~438 nm and similar PXRD spectral patterns.  
 
 
 
Figure 4.36. High magnification SEM micrographs of spherical Ag/AgCl NPs 
produced by P. castaneae CFE. High magnification SEM micrographs of densely 
packed spherical Ag/AgCl NPs ranging between 15 nm – 25 nm. Yellow circle 
represents 25 nm.  
500 nm 
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Although most NPs range between 8 nm and 20 nm, a small percentage of large 
(<40 nm) NPs were also synthesized (Figure 4.37). This is a feature common in the 
biological synthesis of Ag/AgCl NPs (Dhas et al., 2014; Hu et al., 2009; Kumar et 
al., 2016).  
 
 
Figure 4.37. Low magnification TEM micrograph of spherical Ag/AgCl NPs 
produced by P. castaneae CFE. Low magnification TEM micrograph of well-
dispersed spherical Ag/AgCl NPs. NPs mostly range between 8 nm – 20 nm with 
the synthesis of large (> 50 nm) quasi-spherical NPs. 
 
Figure 4.38 shows the increased surface roughness of Ag/AgCl NPs produced by 
the CFE of P. castaneae. Such a high degree of surface roughness has yet to be 
published in literature for biosynthesized Ag/AgCl NPs, but is common in the 
chemical synthesis of Ag NPs (Chen et al., 2013). The “rough” Ag NPs have 
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received much attention in the plasmonic industry as enhanced SERS substrates as 
each crevice acts as a site for catalysis or as a plasmonic hotspot (Lu et al., 2013). 
 
Figure 4.38. High magnification TEM micrograph of spherical “rough” 
Ag/AgCl NPs produced by P. castaneae CFE. High magnification TEM 
micrograph of quasi-spherical Ag/AgCl NPs showing the rough surface 
morphology. 
 
Silver Nanoparticles from P. castaneae Cell Biomass 
Although silver ions are generally considered toxic to bacteria (Taylor et al., 2016), 
P. castaneae biomass was still capable of producing Ag/AgCl NPs. Figure 4.39 
shows bacterial cells that show no signs of lysis or cell death that are in close 
association with a large cluster of Ag/AgCl NPs. 
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Figure 4.39. SEM micrograph of Ag/AgCl NPs produced by P. castaneae 
biomass. A cluster of spherical Ag/AgCl NPs (yellow arrow) covered by a layer of 
bacterial cells which show no signs of cell damage or lysis.  
 
Many bacterial species have shown resistance to toxic heavy metal-based 
antimicrobials such as Ag and AgCl (Dibrov et al., 2002; Nair and Pradeep, 2002; 
Zhang et al., 2005b). This is due to the detoxification mechanisms used by bacteria 
to quell the stress caused by these metals; one such mechanism is the formation of 
NPs. Although resistance is high, some bacterial cells within the population are still 
susceptible to cell shrinkage and lysis. Ag- ions as well as Ag/AgCl NPs are still 
able to cause cell lysis in P. castaneae as shown in Figure 4.40. 
 
 
 
 
 
3 µm            
Chapter 4  Results and Discussion 
 
 88 
 
 
Figure 4.40. SEM micrograph of Ag/AgCl NPs produced by P. castaneae 
biomass with evidence of cell lysis. Aggregates of densely packed spherical 
Ag/AgCl NPs in close proximity to lysed and damaged bacterial cells (yellow 
arrows).  
 
Ag/AgCl NPs are well-distributed through-out the cell biomass, on the surface of 
P. castaneae cells (Figure 4.41). Ag/AgCl NPs are found in either large  
(60 nm – 200 nm) clusters or well-distributed within biomolecules which are 
hypothesized to be EPS (inset of Figure 4.41). Compared to non-exposed cells 
(Figure 4.16a), Ag+ ion-stressed P. castaneae cells appear to be shrunken and 
rounded and produce substantially more EPS, possibly as a defence mechanism to 
bind these toxic ions.  
 
1 µm            
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Figure 4.41. TEM micrographs of Ag/AgCl NPs produced by P. castaneae 
biomass. Ag/AgCl NPs distributed in aggregates on the surface of the bacterial 
cells. Cells also shows signs of toxin-stress, including cell shrinkage and a rounded 
shape (yellow arrow). High amounts of EPS are produced as shown in the spaces 
between bacterial cells (white arrow). Inset: Ag/AgCl NPs well-distributed within 
biomolecules which are hypothesized to be EPS.  
 
Ag NPs were not noted in the interior of bacterial cells, indicating the extracellular 
synthesis either on the cell surface or by molecules extruded by bacterial cells. This 
is consistent with only a slight colour change in biomass-Ag reactions compared to 
CFE-Ag reactions. Bioreductants capable of Ag+ ion reduction are therefore found 
in a higher concentration at the bacterial cell wall or released into the extracellular 
environment. These results are consistent with previously biologically synthesized 
Ag/AgCl NPs (Dhas et al., 2013; Hu et al., 2009).   
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4.3 Possible Mechanism for Nanoparticle Growth and Synthesis  
The exact mechanism of formation of both the isotropic and anisotropic metal NPs 
in microbial systems are not fully understood. From the current research it appears 
that the bacterial synthesis of metallic NPs might be easily manipulated so as to 
control the synthesis of specific NPs with predefined shapes. The bacterial synthesis 
of metal NPs for discrete commercial use by P. castaneae is therefore an exciting 
prospect. In the production of metallic NPs via established chemical techniques, the 
morphology and size of NPs is highly sensitive to any kind of additive. Small 
changes in the type or amount of additive therefore lead to a distinct change in 
particles shape and size (Gerdes et al., 2015). The presence of multiple 
morphologies and sizes in the bacterial synthesis of metallic NPs thus suggest the 
reduction and stabilization of NPs occurs through several different routes.  
 
Biological synthesis however, does not require the addition of additives such as 
acetic acid, dichloroethane, polyvinyl alcohol, CTAB, hydroxylpropyl 
methylcellulose or sodium dodecyl sulfate (Dong et al., 2006; Lu et al., 2013). This 
is due to the fact that, in bacterial synthesis, the required molecules are already 
present and produced by the bacteria themselves (Singh et al., 2016). Previous 
studies have reported that the biotransformation of metal ions into elemental metal 
involves the presence or secretion of biomolecules such as NADH-dependent 
reductases (Kaur et al., 2014), small peptides (Parikh et al., 2011), quinines 
(Seshadri, Saranya, and Kowshik, 2011), lipids, enzymes (Kowshik et al., 2002), 
reducing sugars in the EPS (Kang, Alvarez and Zhu, 2013; Raj et al., 2016) as well 
as soluble electron-shuttles (Li et al., 2016; Suresh et al., 2010).  
 
These results are consistent with the 3-D diffusion controlled mechanism modelled 
by Varia et al. (2016). In this model, AuCl4- ions diffuse through a stagnant aqueous 
thin film bordering the S. putrefaciens cell wall. The ions are then transported 
through the cell wall’s lipopolysaccharide layer to the protein/enzyme metal 
recognition peptide motifs sorption and nucleation sites. Reduction occurs through 
electron transfer to the AuCl4- ions, 
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proteins, such as cytochromes and hydrogenase (Varia et al., 2014). Au NP 
synthesis is facilitated through the phase change of AuCl4- to Au0. 
 
In the current study, similar mechanisms for the biosynthesis of metal NMs are 
hypothesized.  Successful reduction of precursor metal ions into PbS, Au and 
Ag/AgCl NPs was shown to occur both intra- and extracellularly at various 
localizations. These being within the cell, on the cell surface, within the EPS as 
well as extracellularly in solution. As concentrations of both the reducing agents 
and surfactants/capping agents varies in these localization, so too does the shape, 
morphology and nature of the subsequently synthesized metal NPs. For anisotropic 
NMs, the synthesis of various shapes demonstrates the preferential binding of 
different surfactants to specific crystal facets. The subsequent stabilization of these 
facets and thus the perpendicular growth along that facet is possible as long as the 
required precursors are present (Kuang et al., 2013).  
 
The mechanism of NPs formation is dependent on the presence of both 
bioreductants and biologically-derived capping/stabilizing agents from  
P. castaneae cells. The ability of biomolecules to serve as both reductant and 
capping agents have been well documented (Krishnan, Narayan and Chadha, 2016; 
Murugan et al., 2014; Park, Lee and Lee, 2016). From the results of this study, it is 
hypothesized that there are shared mechanisms, and therefore shared biomolecules, 
for the synthesis of spherical and non-spherical NPs, respectively. Spherical NPs of 
PbS and Ag/AgCl were produced using a CFE of P. castaneae, therefore a similar 
mechanism using the same biomolecules is likely. The production of large 
anisotropic PbS NPs using the P. castaneae biomass suggests the presence of the 
same bioreductant, but a different biological capping agent.  This capping agent 
then preferentially binds to certain PbS facets causing the preferential and 
directional anisotropic growth (Lu et al., 2009). The synthesis of Au NPs only 
occurred with the use of bacterial biomass and thus a different mechanism and 
bioreductant was responsible for this. It is known that the reduction of Au+ ions 
occurs in a complex multistep process (Dey et al., 2010) and thus the use of shared 
bioreductant/s for the synthesis of Au NPs. However, large anisotropic Au NPs 
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require a different capping agent than spherical Au NPs and hence their 
polydisperse nature. 
 
Notwithstanding these facts, the concentration of the precursor ions, bioreductants 
and capping agents at each specific localization (intracellular, extracellular or 
within the EPS) could play a major role in directing the synthesis of each specific 
NP type. This was shown by Erasmus et al. (2014), using Thermus scotoductus SA-
01 for the synthesis of Au NPs, in which a change in the concentration of the ion 
precursor led to the formation of NPs with different shapes and sizes.  From the 
initial studies on P. castaneae NP synthesis, a 2-step mechanism is proposed for 
metal NP formation, as summarized in Figure 4.42. 
 
 
 
Figure 4.42. Mechanism of metallic nanoparticle formation by P. castaneae. 
The proposed mechanism shows the reduction of valent metal ions (M+) by 
bioreductants to form zerovalent metal ions (M0). Upon agglomeration, Ostwald 
ripening and orientated attachment, biomolecules also stabilize and cap the NP 
clusters. Depending on the nature of the biomolecules present as well as 
concentrations of precursors, either spherical (isotropic) or non-spherical 
(anisotropic) NPs will be produced.  
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PbS, Au and Ag/AgCl NPs with multiple shapes, sizes and morphologies were 
successfully synthesized using P. castaneae biomass and CFE. The synthesis 
method was shown to be facile and reproducible. NMs were also produced in a 
sustainable and green manner. As a consequence of the unique physical, chemical, 
electrical and optical properties of each respective metallic NP, they have direct 
technological and industrial potential in various fields (Hesto et al., 2016). This 
method can therefore be easily up-scaled and optimized for the commercial 
biosynthesis of metallic NPs. This is the first report of the synthesis of metallic NPs 
by P. castaneae, thus expanding on the limited knowledge surrounding the 
biological synthesis of NPs.
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS 
 
The ability of a heavy metal-resistant isolate of the bacteria, P. castaneae, to not 
only remove metal ions from solution but also reduce ions to their zerovalent forms 
in the synthesis of PbS, Au and Ag/AgCl NPs has been successfully shown. The 
green synthesis of the noble- and transition metal NPs was accomplished through 
the exposure of excess metal ion precursors in solution to P. castaneae cell biomass 
and CFE (pH 7). This is the first report of NP synthesis using the heavy metal-
resistant isolate of P. castaneae as well as the first report of the bacterial synthesis 
of PbS nanorods and nanowires and nanorods covered in quantum dots, 3-D Au 
nanoprisms and ‘rough’ quasi-spherical Ag/AgCl NPs. Based on comparisons to 
previously published research (Husseiny et al., 2007; Jena et al., 2014; Narayanan 
and Sakthivel, 2010;), this biological synthesis method has proven to be facile, 
highly efficient, cost-effective as well as environmentally friendly and scalable.  
 
In order to establish a commercially viable NM synthesis method, it is thus 
necessary to determine the exact mechanism of formation as well as the 
biomolecules involved in reduction and stabilization of metallic NPs. Upon 
identification of distinct mechanisms for the synthesis of specific metal NP types 
and morphologies, the optimization of the methods can then ensue. Depending on 
the required application, the optimization of the reaction conditions can lead to the 
synthesis of tunable monodisperse (or polydisperse) metallic NPs of high purity and 
crystallinity. These include adjustments to parameters such as temperature, 
concentration and mixing ratios of bioreductants, stabilizers and metal ion 
precursors, aeration, pH, growth phase, growth medium as well as incubation time. 
A highly optimized bacterial synthesis process can then be implemented in the 
commercial synthesis of various metallic NMs.  
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